Fabrication of polymeric microchannels with focused and defocused CO2 lasers by Ghandoori, Tahir
    
 
Fabrication of polymeric 
microchannels with focused and 
defocused CO2 lasers 
 
 
by 
Tahir Mohamed Mabrok Ghandoori  
(BSc and MSc) 
 
 
Submitted in Fulfilment of the Requirements for the Degree of 
Doctor of Philosophy 
 
Deakin University 
December 2014 
 
 
 
 
DEAKIN UNIVERSITY 
ACCESS TO THESIS - A 
 
 
 
   
I am the author of the thesis entitled 
 
Fabrication of polymeric microchannels with focused and 
defocused CO2 lasers 
submitted for the degree of 
Doctor of Philosophy 
This thesis may be made available for consultation, loan and limited 
copying in accordance with the Copyright Act 1968. 
 
 
'I certify that I am the student named below and that the information provided in the form is 
correct' 
 
Full Name:  Tahir Mohamed Mabrok Ghandoori 
Signed:                         
Date:                          30/12/2014 
 
DEAKIN UNIVERSITY 
CANDIDATE DECLARATION 
 
 
 
   
 
I certify the following about the thesis entitled 
 
Fabrication of polymeric microchannels with focused and 
defocused CO2 lasers 
 
submitted for the degree of  
Doctor of Philosophy 
a. I am the creator of all or part of the whole work(s) (including content and 
layout) and that where reference is made to the work of others, due 
acknowledgment is given. 
 
b. The work(s) are not in any way a violation or infringement of any 
copyright, trademark, patent, or other rights whatsoever of any person. 
 
c. That if the work(s) have been commissioned, sponsored or supported by 
any organisation, I have fulfilled all of the obligations required by such 
contract or agreement. 
 
I also certify that any material in the thesis which has been accepted for a degree 
or diploma by any university or institution is identified in the text. 
 
Full Name: Tahir Mohamed Mabrok Ghandoori 
Signed:                     
Date:                       30/12/2014  
 
      
 i 
 
Acknowledgments 
 
First and above all, thanks to almighty Allah for His everlasting blessing and 
guidance in conceptualising, developing and completing my study. Definitely, 
without His help and will, nothing is accomplished. 
I am to the highest degree thankful to my supervisor Dr Weimin Gao, who has 
helped me in uncountable ways. I would like to express my gratitude to him for 
many critical discussions that progressed the research and for the help that he 
gave me in tackling all scientific challenges. I appreciated his constant support 
and efforts to ensure my professional development. Without his assistance and 
continuous encouragement I would not have had the confidence to become the 
engineer that I am now. 
I am greatly beholden to my co-supervisors Professor Lingxue Kong and Dr 
Sugumar Dharmalingam, whose generous unconditional support and their 
continuous encouragement gave me the strength to complete important stages of 
my study. 
I very much thank Dr Ludovic Dumee and Dr Mary She and everyone in Deakin’s 
Micro and Nano systems group. My gratitude also goes to Ms Marion Wright for 
her support with laboratory work and facilitating the smooth running of this 
project. 
 ii 
 
I am very grateful to my many friends inside and outside IFM. I thank you all for 
always being interested in my study, supporting me without being asked and, most 
importantly, your dazzling senses of humour; you made my life much easier.  
Dr Campbell Aitken of Express Editing Writing and Research provided 
professional editing services in accordance with the Institute of Professional 
Editors’ Guidelines for editing research theses. 
I thank my beloved mother & father, they are the source of all the good in me. 
Last and not least, I thank my family in Australia, my wife, and our wonderful 
kids Ahmed, Mohamed, Ala and Afnan for making me feel loved and cherished 
all the time. I am grateful to my family back home for always being interested and 
encouraging me to do my best. 
  
 iii 
 
 
ﻢﯿﺣﺮﻟا ﻦﻤﺣﺮﻟا ﷲ ﻢﺴﺑ 
 
ﻢﯿﻈﻌﻟا ﷲ قﺪﺻ 
In the name of God, Most Gracious, Most Merciful 
GOD is the light of the heavens and the earth. The allegory of His 
light is that of a concave mirror behind a lamp that is placed inside a 
glass container. The glass container is like a bright, pearl-like star. The 
fuel thereof is supplied from a blessed oil-producing tree that is 
neither eastern, nor western. Its oil is almost self-radiating; needs no 
fire to ignite it. Light upon light. GOD guides to His light whoever 
wills (to be guided). GOD thus cites the parables for the people. GOD 
is fully aware of all things. [35] 
Holy Quran, Chapter - 24, Light (Al-Nur), Verse 35. 
 
 iv 
 
 
 
List of publications 
1. Ghandoori Tahir, Weimin Gao, Lingxue Kong, and D Sugumar., Fabrication 
of Polycarbonate Microfluidic Devices Using a Focusing and Defocusing 
Methods of CO2  Laser System, The Annual International Conference on 
Science and Engineering in Biology, Medical and Public Health 
(BioMedPub 2013), 2013 Jakarta, Indonesia 
2. Ghandoori, Tahir, Weimin Gao, Lingxue Kong, and D Sugumar, Fabrication 
of Polycarbonate Microfluidic Devices Using a Focusing and Defocusing 
Methods of CO2 Laser System. Advanced Science, Engineering and 
Medicine, 2014. 6(1): p. 50-55. 
 
 
 
 
 
 
 V 
 
Abstract  
Microfluidics is an advanced technique used in many analytical, biological, 
diagnostic and biomedical applications. Microchannels are the backbone of 
microfluidic devices, particularly in the fields of chemical combination and 
biological analyses, optics and information technology. Consequently, the 
performance of any microfluidic device is determined by its microchannels.  
The high cost and the time required for the fabrication of microchannels are the 
two major factors preventing the wider application of microfluidics. Current 
methods for microfluidic chip fabrication can be classified as direct substrate 
manufacturing and mould-based techniques. Despite mould-based techniques 
being used for the mass production of chips, they often require expensive mould 
masters that cannot be used for prompt product development. Recently, some 
groups have investigated the use of CO2 lasers to fabricate microchannels on 
polymethylmethacrylate and polystyrene. However, the CO2 laser fabrication 
technique they tested has some limitations. The method is best suited to making 
V-shaped (Gaussian) channels, but it is difficult to make a shallow rectangle 
shape with high heating and cooling rates. Moreover, the surface roughness of 
CO2-laser-fabricated microchannels is too high. Despite these barriers to high-
quality microchannel production using CO2 lasers, to date there has been no 
comprehensive study of the fundamental processes needed to refine the method. 
Hence, the research presented in this thesis focused on the characterisation and 
theoretical analysis of CO2 laser systems for improved microchannel fabrication. 
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Extensive experiments were undertaken to demonstrate the feasibility of using a 
CO2 laser to engrave high-quality microfluidics channels in polycarbonate. A 
novel process involving a defocusing laser beam was introduced to fabricate 
microchannels of various shapes. The experiments showed that the profile of the 
channels can be easily manipulated by adjusting various engraving parameters, 
such as laser power, speed and focus length. By controlling energy redistribution, 
shallow channels of different cross-sections (including trapezoidal and 
semicircular) can be obtained. The microchannels’ roughness decreased 
significantly when a laser was applied with changing defocusing length. The mean 
roughness of microchannels fabricated with a defocusing of 2 mm at speed of 3.75 
mm/s and laser power of 2.8 watts was less than 0.735 μm, while it was more than 
6 μm with a focusing method. A perfect shallow rectangular-shaped microchannel 
(aspect ratio 0.2) was achieved. The shallow rectangular shape can be 
characterised by a fast heat transfer and the use of small volume samples.   
In addition to the practical experiments, the process of producing microchannels 
in polycarbonate was studied computationally using ANSYS Fluent R15. A 
powerful 2D model was developed for simulating laser engraving processes. The 
temperature-dependence properties of the polycarbonate were derived from the 
available experimental data. The model proved capable of simulating the impact 
of the laser parameters on channel profile and size and analysing the CO2 laser 
fabrication process. In terms of channel profile, good agreement between 
experimental and modelled results was found for the focusing method, whereas 
there was some variance with the defocusing method. With respect to channel 
depth, a fairly good correlation was obtained between the numerical simulations 
 VII 
 
and experimental data, especially with changing laser power. For the defocusing 
method, the simulated and experimental data were extremely highly correlated, 
with a difference in channel width of only 0.8% at a laser velocity of 2.6 mm/s.  
In conclusion, the control of energy distribution or energy intensity inside a laser 
spot using a defocusing method enables the formation of high-quality 
microchannels of multiple cross-sections in polycarbonate. Moreover, a thermal 
mathematical model of the process was developed to aid understanding of the 
process and to allow channel topology prediction prior to actual fabrication.  
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 Chapter 1. Introduction 
 General introduction to microfluidics 1.1
 
The rapid development of the microelectronics industry has been based on 
integrated circuits made from silicon, particularly in products such as processors, 
memory chips and mobile phone components. This technology has provided a 
foundation for the fabrication of microscale systems in silicon, as well as in 
materials such as glass (see Figure 1), plastics and polymers.  
 
Figure  1.1. Microfluidic chip made of Polydimethylsiloxane (PDMS) on glass [1]  
 
The microchip market now has chemical, biosensor, diagnostic and biomedical 
subdivisions, among others [2]. Many of these fields require very small volumes 
of a liquid sample or reagents to be detected and analysed, requiring the 
application of microfluidic technology [3]. In recent years microfluidics has 
become a standard technology in analytical, biological, diagnostic and biomedical 
research, optics and information technology [4, 5]. Microfluidics concerns the 
behaviour and manipulation of fluids constrained in a geometrical shape on a 
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micrometre or nanometre scale [6, 7]. Microfluidic devices have many 
applications in fields requiring fluid transport, ranging from the life sciences 
(pharmaceuticals and biomedicine: drug delivery, detection and design) to 
chemical analysis and high-throughput screening [8]. The biochip is the best 
example of a biomedical microdevice for which demand is increasing rapidly [9]; 
the optimisation of biochips has become a very important issue in microfluidics.  
Microfluidics is now the target of many interdisciplinary research groups in 
science and engineering. The most important part of a microfluidic device is the 
microchannel. The features of a microchannel that determine its operational 
characteristics are the profile, depth and width, smoothness, the heat-affected 
zone, and bonding. Some groups are working on the development of analytical 
laboratory microfluidic chips, known as LabǦonǦaǦchip (LOC) or micro Total 
Analysis Systems (μTAS) [10]. An LOC is a complex network of channels 
integrated into a microfluidic platform to combine diverse phases of sample 
preparation, processing, preconcentration, separation and detection.  
Microchannels are the key components of microfluidic devices used in the fields 
of chemical synthesis, biological analysis and information techniques [11]; they 
must be designed to optimise the performance of the microfluidic device for each 
specific application. This requirement drives the improvement of rapid 
prototyping techniques for multipurpose microfluidics. This allows rapid and 
cheap repetition of the design and fabrication. Hong et al. [12] and Liu et al. [13] 
reported that a laser technique could be used to fabricate microchannels faster 
than traditional methods such as lithography and hot embossing. However, 
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existing use of rapid prototyping techniques is very limited due to the high cost of 
materials and processing [14].   
The tasks a microfluidic device (such as an LOC) performs depend on its 
applications, which might be in sensors, actuators, valves, pumps or electronics. 
Figure 1–2 shows the schematics of an integrated microfluidic system for 
biological analysis. The principal advantages of an LOC over conventional 
laboratory systems are faster and more reliable results [15]. An LOC enables the 
detection of highǦsensitivity diseases, resulting in lower overall costs to the 
healthcare system [16]. The advantages of LOCs and other microfluidic devices 
can be summarised as:  
 Low consumption of fluid volumes 
 High control speed and efficient chip analysis  
 Massive parallelisation due to compactness, allowing for highǦthroughput 
analysis 
 The use of disposable and cheap mass-produced chips 
 Safety in chemical, radioactive or biological studies 
 Portability and low power consumption. 
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Figure  1.2. A schematic illustration of an integrated system for DNA detection [2] 
With the many advantages microfluidic devices hold over conventional laboratory 
systems, methods of optimising the fabrication of microchannels into different 
materials has become an important topic for research.  
 Materials of microchannels and fabrication methods  1.2
 
As previously noted, microfluidic performance is determined by the 
characteristics of device’s microchannels, thus the properties of the substrates, the 
quality of the channels’ design and fabrication are paramount.  
Polymer materials have become more and more important in microfluidic devices 
in recent years, replacing conventional materials such as silicon and glass [17]. 
These materials have numerous advantages, such as their ease of handling in 
fabrication, and biocompatibility [18]. Several kinds of polymer materials have 
been used for fabricating microfluidic devices, such as polydimethylsiloxane 
(PDMS) [19], polymetylmethacrylate (PMMA) [20], polystyrene (PS) [21] and 
polycarbonate (PC) [22].  
Polycarbonate is one of the most commonly used materials for engineering 
thermoplastics due to its high transparency, excellent strength and very good 
dimensional flexibility and stability. Moreover, it has certain advantages over 
other polymers. For example, some laboratory applications, such as polymerase 
chain reaction (PCR), require operating temperatures of higher than 100°C to 
amplify deoxyribonucleic acid (DNA); PMMA is not appropriate in such an 
application because its glass temperature (Tg) is lower than 100°C, whereas the Tg 
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of polycarbonate is more than 150°C. PDMS has a high permeability that can 
result in diffusional loss of a biological sample, and air bubbles can easily form on 
a PDMS surface through sample loading because of its hydrophobicity [23]. 
Microfluidic devices can be fabricated by many methods. Methods used to make 
the master mould with inverse geometry are called replication techniques [24, 25]. 
Other techniques do not need moulds or masks to fabricate microchannels, instead 
fabricating directly into materials, which is called direct writing or rapid 
prototyping. Typical examples of replication techniques are injection moulding 
[26, 27] and hot embossing [28, 29]. Examples of rapid prototyping methods are 
lithography [11, 30], computer numerical control (CNC)-based mechanical 
micromachining [31], and laser ablation [32]. Despite mould-based techniques 
being used for the mass production of chips, they require expensive mould 
masters for replication [33, 34]. CNC-based mechanical micromachining, a direct-
writing micromachining technique, can produce microchannels of similar quality 
to mould-based techniques. However, it has some drawbacks such as relatively 
high cost and maintenance requirements, and the need for skilled part 
programmers.  
Lithography and ultraviolet light (UV) lasers are increasingly being used in direct 
substrate manufacturing. Lithography has the capability to manufacture 
microchannels, but it involves many tedious processing steps, strong chemicals 
for etching, and needs a clean-room environment [35]. In contrast, recent work 
shows laser direct writing micromachining is a promising alternative method 
because of its low cost, high speed, and low power requirements [36]. Laser 
ablation is not restricted to specific materials; however, microchannel fabrication 
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with laser ablation is still relatively expensive and the programmer needs a costly 
mask (control software). In addition, the surface roughness of microchannels 
fabricated by current methods of laser ablation is much higher than in those 
produced by injection moulding, hot embossing [37]. 
Laser machining dissolves and evaporates substrate materials directly by applying 
high temperatures with the laser beam. The mechanism of laser ablation is usually 
a combination of photochemical and photothermal processes. Some chemical 
bonds in the substance are broken when the photon is being absorbed, and others 
are broken when heat is released from excited molecules that cannot be broken 
photochemically [38]. A CO2 engraving laser has a radiation wavelength of 10.6 
μm, which is unable to directly break chemical bonds; this means the CO2 laser 
ablation process is an entirely photothermal mechanism [4]. Recently, CO2 laser 
systems have been used in rapid production of microfluidic systems from PMMA 
[39] and PDMS [40]. 
 Research questions and objectives 1.3
 
CO2 lasers have many advantages over conventional microchannel fabrication 
methods, such as ease of use, low capital cost, high marking speed, and flexible 
data management. CO2 laser machining is a relatively new technique for the 
fabrication of microfluidics and its parameters and its impact on the material 
substrate, especially for materials such as PC that has a high melting point, remain 
poorly understood.  
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Recently, research groups have investigated the use of CO2 lasers on PMMA [37] 
and PS [14], discovering some limitations. It has proved difficult to make 
different shapes, especially a shallow rectangle shape, the most important and 
widely used shape for microfluidic channels; the shape most easily generated by 
this method is a V-shape (Gaussian shape) [41]. This difficulty stems from the 
profile of the laser beam and the properties of materials that have been used so far. 
Another drawback to CO2 laser machining is the roughness of the microchannels, 
which is high compared to traditional methods. These drawbacks reduce the 
efficiency of fluid behaviour. Overcoming these limitations is essential for 
improved microfluidics design and fabrication, especially of PCR devices.  
PCR devices amplify DNA, increasing and reducing the temperature in multiple 
cycles. The increase in cycle time of DNA amplification is dependent on 
increasing the heating and cooling time of the DNA. The cycle time depends on 
the speed of heat transfer between elements located under the microchannels and 
the DNA inside them. In order to increase the contact area between heat elements 
and the fluid inside channels, shallow microchannels with an aspect ratio 
(depth/width) of less than 1 are required. In addition, the surface roughness of 
fabricated PCR microchannels needs to be low because of its impact on the heat 
transfer between fluid and materials. Moreover, the roughness may block the 
channels due to the accumulation of deposits as a result of frequent use.  
The principal research question guiding this research was: 
How can a CO2 laser system be modified to allow the fabrication of 
microchannels in polymer materials with a high-quality appropriate 
profile and a smooth surface? 
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Secondary research questions were: 
- How can the energy emitted from the CO2 laser be redistributed for 
fabricating rectangular channels? 
- What are the optimal (experimental) conditions that govern the CO2 laser 
process? 
- What is the optimal laser fabrication process and how can the energy be 
manipulated to fabricate high-quality microchannels?  
 
This project involved investigation and improvement of a new rapid prototyping 
method using a CO2 laser machine. The machine was used to remove material 
from a sheet of PC. The effects of the laser power and the cutting speed on the 
depth, width and aspect ratio of microchannels fabricated in polymer materials 
were investigated. The evaluation of the effect of the CO2 laser machine was 
achieved through a study of channel profiles such as channel roughness, size, 
chemical surface properties and deformation. 
The main objective of this project was to develop a rapid laser prototyping 
method for the fabrication of microchannels that provide fast heating and cooling 
rates and excellent biocompatibility for PCR. This objective was addressed by:  
1. Investigating and understanding the essential parameters of the laser 
prototyping method that control the pattern and quality of microchannels.  
2. Developing a new rapid CO2 laser-based prototyping method with 
fabrication parameters that achieve microchannels with a designed cross-
section, particularly shallow rectangle shapes.  
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3. Investigating the effect of fabrication parameters on the surface roughness 
of microchannels, clarifying the dependence of heat transfer on roughness, 
and developing a method to control roughness.  
4. Developing a theoretical model to interpret the CO2 laser prototyping 
process. 
 Thesis outline  1.4
 
Chapter 2 reviews the microfabrication techniques and the materials used for 
making microfluidics. Conventional and no-conventional methods are introduced, 
then the chapter focuses on the CO2 laser and the parameters used in the 
experiments described in subsequent chapters.  
Chapter 3 presents the experimental work and results achieved in fabricating 
microchannels in PC using the prototype CO2 laser system. The defocusing 
method was the principal technique used, and the differences between the 
defocusing and focusing methods are outlined.  
Chapter 4 describes experiments in the production of high-efficiency 
microchannels, mainly focusing on profile and surface roughness but also 
chemical surface properties.  
Chapter 5 outlines the development of a 2D model for simulating the process of 
CO2 laser and PC properties. The numerical simulation of laser behaviour and a 
comparison of the simulation results with the experimental results are presented.  
Chapter 6 summarises and concludes the thesis, and includes suggestions for 
further research.
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 Chapter 2. Literature Review 
 
This chapter reviews the microfabrication techniques and materials used. 
Conventional and non-conventional materials and methods are presented and 
discussed. The chapter focuses on CO2 laser fabrication and the parameters used 
in the experiments to be described in subsequent chapters.  
In striving to achieve high efficiency and accuracy in microfluidic devices, 
engineers have designed devices at near-molecular scale [42]. Several methods 
already exist for fabricating and laminating microfluidic devices. The method 
employed normally depends on the end goal of industrial mass production or rapid 
prototyping that can be controlled to achieve this aim. Rapid prototyping methods 
are appropriate for research laboratories due to their low cost for a complete cycle 
and short fabrication time. These characteristics begin from the geometrical 
design to its fabrication, packaging and testing.  
Silicon and glass are the materials most often employed in microfluidic systems 
design because of their outstanding physical, chemical, electrical and optical 
properties [4]. Silicon and glass devices can be fabricated using different methods, 
but the most popular existing fabrication process uses standard photolithography 
equipment, such as a template for soft lithography and a prepared mould [5]. The 
processes typically used to fabricate templates, such as photoresist lithography 
and deep reactive ion etching (DRIE), are expensive and time-consuming [6]. 
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However, cheaper and faster rapid prototyping of microfluidic devices has been 
used to test new ideas [14]. Rapid prototyping also enables the easy transfer of 
designs from the research laboratory to high-volume production.  
To further reduce the cost of materials and fabrication of microfluidic devices, 
polymers have been introduced as an alternative to silicon and glass. 
Microdevices can be fabricated from polymer materials at low cost using the CO2 
laser technique [33]. Laser ablation is an advantageous technique for prototyping, 
as it is cost-effective and saves time relative to conventional processes. When a 
CO2 laser emits radiation onto a polymer surface, it is absorbed and raises the 
temperature of the polymer, which melts and evaporates, leaving a gap [38]. In 
2002, Klank et al. reported the first production of a microfluidic device using a 
CO2 laser [43]. However, research to date shows that fabricating microchannels 
using laser ablation produces higher surface roughness than general mould-based 
techniques such as hot embossing, imprinting, and injection moulding [41].  
 Materials used for microchips 2.1
 
 Conventional materials   2.1.1
The manipulation and control of liquids at the micro- and nano-scales can be 
performed by mechanical actuation manipulation, electric or magnetic fields, and 
pressure or surface tension; the last has been one of the vital elements in the rapid 
progress of μTAS over the past two decades [44]. Silicon was the first material 
used in many microelectromechanical systems (MEMS) technologies. For 
example, silicon was used for the micro-PCR device developed by Northrup et al. 
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[45]; it was the first effort to perform liquid chromatography on a chip, and the 
first flow injection analysis [44]. Silicon’s mechanical properties (hardness, 
strength), electrical properties, material purity, and the possibility of realising the 
microstructure offered new opportunities for investigating nano- and micro-
fluidics phenomena; these characteristics, plus the availability of well-known 
machining techniques, make silicon the most widely used material in the LOC 
field. Glass has also been used for many LOC applications. Glass is resistant to 
many solvents, and its transparency makes it attractive to the biomedical and 
biology fields.  
Micromachining of silicon and glass can be achieved by wet and dry etching, 
photolithography, electron beam lithography and a variety of other techniques. 
However, all these techniques require the use of clean-room facilities and 
equipment. In addition to this, the fabrication of disposable microfluidic systems 
needs further steps in generating the master in which disposable devices are 
replicated. The high cost of processing silicon and glass, and of the material itself, 
limits these materials’ use for disposable devices. Fortunately, polymer has 
recently appeared as an alternative material suitable for micromachining. 
 
 Polymers for disposable microchips  2.1.2
Since MEMS technology was developed in the 1990s, polymer materials have 
been used for several purposes, including substrates, adding to the structure and 
functionality of thin films, in adhesives and also for packaging [46]. Polymers 
have several advantages over glass and silicon; some polymers have 
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comparatively high mechanical yield strain. Polymers are inexpensive and easily 
produced at almost any scale. Polymer fabrication does not need a clean room. 
They can provide chemical and biological functionalities that are not available in 
any other materials. Moreover, polymers can be fabricated using various methods, 
such as casting and moulding, low-temperature chemical vapour deposition, 
embossing, spraying, screen-printing, and stereo lithography [47].  
The wide range of polymers available means there is almost one to be selected to 
match any potential application parameters. The (Tg) should be considered when 
selecting a material for machining; for example, a low Tg means the material will 
be soft, which can create the problem of intramolecular friction [48]. The melting 
temperature (Tm) is another important factor when selecting material for 
fabrication, especially in laser fabrication, as this method depends on the melting 
and evaporation of materials.   
Polymers used to date in the fabrication of microchips include PS [49], PC [50], 
PDMS [19], polyurethane-methacrylate (PUMA) [51], (PMMA) [52] and 
polypropylene (PP) [48, 53]. PMMA, PDMS and PC were among the first 
materials used for polymer microfabrication and are increasingly utilised as 
cheaper alternative substrates to silicon and glass.  
Polydimethylsiloxane (PDMS) remains one of the most popular polymer materials 
used for microchips (especially PCR chips). It is an inexpensive elastomeric 
polymer with unique properties. The benefits of using PDMS instead of silicon as 
a base material for microchips are its higher flexibility, better optical 
transparency, lower fabrication cost, and better biocompatibility [54]. However, 
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this material has a relatively high permeability, which can result in diffusional 
loss of biological samples. In addition, PDMS is hydrophobic, which can cause air 
bubbles on the surface during sample loading in PCR [55].  
Polymetylmethacrylate (PMMA) is another popular material; its biocompatibility 
means it has been widely used in chemical analysis, and suitable for conventional 
optical detection systems due to its low auto-fluorescence [56]. However, the 
amplification of PCR always requires a temperature above 94oC, so PMMA is 
unsuitable for this purpose since its Tg is approximately only 105oC.  
Polycarbonate (PC) is another polymer commonly used in microchip manufacture. 
Its molecular structure is illustrated in Figure 2.1. It has some advantages over 
other polymers, such as transparency and biocompatibility. PC has a higher light 
absorption than PMMA and PS. The thermal diffusivity of PC is about 0.0015 
cm²/s, whereas the thermal diffusivity of PS and PMMA is about 0.001 cm²/s 
[57]; moreover, the melting point and Tg of PC is 145oC, which is much higher 
than those of PS and PMMA. These characteristics are crucial for the fabrication 
of microchannels, as their cross-section is related to the thermal properties of the 
material and the heat distribution of the laser beam. In addition, PC has a higher 
light absorption than PMMA or PS (Table 2.1). Therefore, PC is the best known 
polymer for CO2 laser fabrication. 
The other important issue of microdevices is the development of a fabrication 
method based on CO2 laser technology that can produce a highly efficient 
microchannel PCR device. Table 2.1 shows the optical properties of PC, PMMA 
                                                                                           Chapter 2: Literature Review 
 
15 
 
and PS. In addition, PC has a high thermal stability, which is of great importance 
in processing and shaping articles from polymeric materials.  
 
 
Figure  2.1. Molecular structure of polycarbonate 
 
Table  2.1 The optical properties of PC, PMMA and PS [58] 
Property PMMA PC PS 
Transmission Exc. Good Very Good 
Low Refractive Index Exc. Poor Poor 
Birefringence Exc. Poor Poor 
Heat Resistance Poor Good Poor 
 Fabrication technology for polymer materials 2.2
 
Polymer materials offer an extensive range of parameters as well as material and 
surface chemical properties. Several methods can be used to fabricate 
microstructure polymer materials. These methods can be classified as replication 
techniques or direct techniques (Figure  2.2).  
 
 Replication techniques 2.2.1
The fundamental tool in microchip replication techniques is the microfabricated 
mould, which represents the inverse geometry of the desired polymer structure. 
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This costly initial fabrication of a master structure is replicated many times in the 
polymer substrate. Replication techniques offer the advantage of freedom of 
design because masters can be used to fabricate various geometries [37]. Over the 
past 10 years replication methods have allowed huge progress in the 
microfabrication area, and have resulted in many commercial microfluidics 
devices, especially in diagnostics (and notably in point-of-care). The most 
common replication techniques used to fabricate microfluidics devices are hot 
embossing, soft lithography and injection moulding (Figure  2.2). 
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Figure  2.2. Different fabrication techniques. (A) Lithography, (B) UV laser, (C) 
Hot embossing, (D) Injection moulding, and (E) Excimer laser [59]. 
 
Currently, hot embossing (Figure 2.2 C) is widely used as a replication process for 
fabricating the channel structure of microfluidics devices [60, 61]. This method 
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involves many steps. Firstly, the master needs to be fabricated using expensive 
materials such as quartz or silicon, and methods such as chemical etching [53], 
then the master and polymer substrate are combined in the embossing system. 
Secondly, both substrates are placed in a vacuum chamber and heated to a 
temperature just above the Tg of the polymer material. The vacuum chamber is 
necessary to prevent the formation of air bubbles and to allow water in the 
polymer materials to be vaporised. Thirdly, contact between the tool and substrate 
should be applied with controlled force of about 2 kN/cm2. (A drawback of this 
method is that a temperature difference between the tool and substrate causes 
thermal stress and replication error.) Finally, the tool is removed from the 
substrate after it cools to a temperature lower than its Tg. The force that used to 
remove tools has a large impact on the structure of the channels, especially when 
a high aspect ratio and vertical wells are desirable. 
Soft lithography (Figure 2.2 A) refers to a family of replication techniques using 
elastomeric stamps, moulds and photomasks to fabricate chips from polymer 
materials, especially PDMS [62]. Although this technique has many advantages, 
such as low cost, it has drawbacks that are difficult to overcome, such as 
deformation of the elastomeric stamp or mould, density of defects in the formed 
pattern, and difficulty in high-resolution registration [62]. 
The process of transferring a thermoplastic material in granule form to a hopper 
and then into a heated barrel to become molten and soft is called injection 
moulding (Figure 2.2 D). The molten material is then fed under pressure into a 
mould cavity for a specific time to compensate for material shrinkage. The 
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material is left in the mould until the polymer’s temperature decreases below its 
Tg, solidifies and is ejected in the shape of the mould. Due to the large thermal 
gradient between injection and ejection temperatures of the polymer and the phase 
transition between the liquid and solid stages, thermal reduction and volume 
change have to be taken into account in the fabrication of the master.  
 
 Rapid prototyping – direct techniques 2.2.2
The demand for fixable and rapid processes in different microsystem technologies 
used in LOC applications has substantially increased in the past decade. Several 
rapid techniques are now standard in microchip manufacturing, such as rapid 
prototyping [63, 64], rapid tooling [65, 66] and rapid manufacturing [67]. The 
advantage of rapid prototyping is that the characterisation of a complex structure 
is easier in the design stage. Recently, direct techniques based on material 
removal, such as laser micromachining, have become more attractive for 
researchers [68]. A great advantage of direct fabrication techniques is that they do 
not need a clean-room facility. Moreover, they can be applied without using 
expensive master-based replication techniques. The best example of a direct 
technique is the laser-based technique. 
Laser-based techniques for microsystem manufacturing have numerous 
advantages, notably that all solid materials can be machined by lasers under the 
proper conditions [41]. Laser machining is high precision and includes macro- and 
micro-scale structuring, joining, fine cutting, drilling, and surface modification. It 
can be used to fabricate a device in its entirety or for integrating different 
instruments in a hybrid process involving other techniques.  
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Laser-based techniques give considerable flexibility to the chip layout, in that 
digital data is generated through the design of the chip which allows the design to 
be changed easily and rapidly. This permits incremental improvements to be made 
in a microfluidic design. The use of a focused laser in direct writing patterns 
instead of a photo-mask in the conventional process allows rapid change [32].  
In contrast to the replication methods mentioned in the previous section, 
prototyping methods do not need a master to fabricate materials; instead, 
fabrication can occur directly into the materials, reducing time and cost. Three-
dimensional (3D) printing [69, 70] is another direct method used to fabricate 
polymer materials for microfluidic devices. 3D printing has the ability to fabricate 
microstructures and control local composition with high resolution [71]; however, 
as it uses liquid polymer or powder to build the object, the final product typically 
has a rough surface. This appearance is due to large powder particles set on the 
top of each other, giving the final product an unfinished look.  
 
 Laser-based direct fabrication techniques 2.2.3
Material ablation using laser-based techniques occurs by melting and vaporisation 
[72]. Removal by ablation can requires a high or low power source which can 
emit a beam with very high or very low quantum energy. In this technique, the 
molecule is directly decomposed into atoms and removed from the workpiece due 
to the energy exceeding the binding energy of the atoms. Lasers commonly used 
for ablation are excimer UV lasers and femtosecond lasers [73]. Excimer UV 
lasers have pulse rates of 10–104 Hz and wavelengths of 157–308 nm depending 
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on the type of gas used [72], and are often used in laser ablation as most plastics 
absorb UV light. The shorter wavelength (105 to 308 nm) of a UV laser is useful 
in many cases due to its minimal heat effect on the remaining layer of the 
machined surface [32]. On the other hand, the higher wavelength (532 to 775 nm) 
of a UV laser is important for materials that have a high melting temperature. A 
machined microshape with high dimensional accuracy and few defects in the 
surface layer is possible by selecting an appropriate wavelength from the laser 
machine [32].  
The mechanism of ablation is a complex combination of photochemical and 
photothermal processes that are dependent on the characteristics of the laser and 
the properties of the materials. In general, UV lasers with high photon energy and 
lower wavelengths are employed to break chemical bonds in an organic material 
that strongly absorbs the emission of the laser wavelength. In contrast, the effect 
of a laser with longer wavelengths, such as CO2, begins with thermal reactions 
that firstly melt and then decompose the material, leaving a cavity in the polymer 
workpiece. Therefore, laser wavelength plays a major role in controlling the heat-
affected zone. 
Laser pulse duration is another parameter that determines the effect of a laser 
machine on a workpiece. Laser pulse duration is important in the laser–material 
interaction due to its effects on the quality of the microstructures created, in 
addition to its effect on the material removal rate. The outcome is due to the 
mechanisms of absorption that differ between ultra-short laser pulses, such as in 
femtosecond laser ablation, and those that use longer pulses, such as an excimer 
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UV laser. The potential of ultra-short laser pulses for material processing is 
primarily based on the possibility of localising energy deposition to the samples 
with dimension smaller than the diffraction limit of the focusing optics on the 
surface [74]. Another important characteristic of femtosecond laser ablation is its 
capability to machine any kind of materials, in particular transparent materials 
[32]. 
 Many groups have used ablation techniques involving a UV laser or femtosecond 
laser to directly pattern microchannels and modify the resulting surface, especially 
for polymer-based devices. The pioneer of the use of UV laser ablation for 
microfluidic production in a polymer substrate is the Laboratory of 
Electrochemistry of the Federal Polytechnic Institute of Lausanne (EPFL), 
Switzerland [75]. Roberts et al. [76] used an ArF excimer laser (193 nm) to 
fabricate micro-sized channels in several polymer substrates – PC, PS and 
polyethylene terephthalate (PET) – and demonstrated that vertical sidewalls and a 
high aspect ratio can be achieved. Recently, Suriano et al. [77] used femtosecond 
laser ablation to fabricate microchannels in PMMA, PS and cyclic olefin (COP) 
polymer materials. They evaluated the effect of femtosecond laser pulses on the 
morphological features and chemical structure of thermoplastic polymers while 
adjusting laser parameters to control the channel profile. They found that PMMA 
remained nearly transparent after ablation while COP and PS darkened 
significantly. 
Although ablation using a UV laser has several advantages, as mentioned earlier, 
it does have drawbacks that can restrict its uses. For example, the main problem of 
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UV laser ablation is that the roughness of the channel surface is relatively high, 
which is mostly related to both the materials used in fabrication and the laser 
interaction with this material. In addition, it has low efficiency in material 
removal and thus low machining speed [74]. Moreover, the cost of this method is 
high due to the need for masks for fabrication. 
Despite its disadvantages, excimer laser microfabrication is well understood and 
has been used to fabricate microfluidic chips because of its excellent tools for 
microengineering [32, 78]. Nonetheless, the process of excimer laser ablation is 
relatively time-consuming, and this becomes problematic when fabricating a 
continuous-flow microfluidic PCR chip, which typically has a serpentine 
microchannel with a length greater than 2 m. A high-speed CO2 laser ablation 
technique was developed in 2002 and used to fabricate microfluidic chips, but 
only a few theoretical and experimental analyses have been reported [43, 79]  
 
 Thermal modelling CO2 laser engraving of polycarbonate 2.2.4
The heat transfer model can be used to evaluate the behaviour of the CO2 laser on 
a PC substrate. The modelling can include laser parameters (beam geometry, 
density, and frequency) and variables of processing (scanning speed, feed rate, 
power), and be employed as a tool of predicting the rapid prototyping [80].   
As engraving consists of the concentration of light radiation on a small surface, 
the temperature of the point of impact increases well above the melting 
temperature and the material is then vaporised. The beam of light is divided into 
three parts: the first is reflected, the second is absorbed, and the third passes the 
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material. The heating of the material is due to the absorption of the beams, and the 
reflectance of materials is responsible for the quantity of reflected beams [81]. 
The heat transfer can be approximately described by the diffusion equation 
(Equation 2.1) [81, 82]: 
 
                           డ்డ௧ ൌ ߙο௅ܶ                          2.1    
 
Where T is absolute temperature (K), t is time (s), ΔL is specific elongation (#), 
and α is thermal diffusion (m2/s) (described by Equation 2.2): 
 
ߙ ൌ ݇ߩǤ ܿ௣ 
                          2.2 
 
Where k is the coefficient of thermal conductivity (W/m.K), ρ is density of 
material (kg/m3), and Cp is the specific heat (J /kg.K) of a solid material. 
 CO2 laser fabrication 2.3
 
 Principles of CO2 laser fabrication 2.3.1
To create channels in a substrate with a CO2 laser, the laser beam scans over the 
workpiece surface, heats the material to its melting temperature and then the 
vaporisation point [83]. If the heat flux generated is sufficient, vaporisation of the 
material occurs. The completion of the laser process depends on several process 
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parameters such as the laser power, the diameter of the laser spot size on the 
workpiece surface, the laser scanning speed, laser pulse number [84], and the 
optical, thermal and physical properties of the material. In addition, the absorption 
ability of the material can restrict distribution of the energy and greatly influence 
the creation of microchannels.    
Figure  2.3 shows the energy distribution of a Gaussian laser beam. The high 
intensity heats the material so rapidly that little time is available for energy to 
dissipate into the surrounding material. 
 
 
Figure  2.3. Gaussian Intensity distribution 
 
2.3.1.1 Energy absorption 
The intensity of a Gaussian laser pulse is highest at the beam centreline and 
decreases radially.   
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Where r is the radial distance from the beam centreline, and Imax is the maximum 
intensity, which occurs at r = 0 (beam centreline). For a Gaussian beam profile, 
the beam radius is defined as the point where the peak irradiance decays to (1/e)2 
Imax [85]. In addition, material ablation of transparent materials with ultrafast 
lasers is well known to depend on a minimum threshold intensity Ith (W/cm2), 
below which no material is removed. Figure  2.4 shows a Bear-Lambert and 
Gaussian intensity distribution of a typical laser. 
The process of a homogeneous substrate of isotropic material absorbing a 
monochromatic laser beam of incident power density Іo can be defined by the 
Beer-Lambert law, which can be related to the power density І at depth l as:                
 
ܫ ൌ ܫ௢݁ݔ݌ሺെן ݈ሻ                           2.4 
 
This equation can be rewritten as: 
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Where α is the spectral linear absorption coefficient in cm−1, and w0 is the 
Gaussian beam radius at r.  
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Figure  2.4. (A) Bear-Lambert and (B) Gaussian intensity distribution of a typical 
laser 
 
The high power density of the incident laser beam can result in a strong increase 
in temperature. Because the decomposition is a process of extensive chemical 
species change caused by heat, the decomposition of PC occurs when initiated by 
the scission of the weak O-CO2 bond, with products then evaporating. The 
mechanism for decomposition of PC seems to be a mixture of random scission 
and cross-linking. Decomposition begins at 376 to 461oC [86].  
 
 Parameters affecting the microfabrication process 2.3.2
The process of microfabrication is highly dependent on various process 
parameters. Change in the experimental parameters can lead to significant changes 
in the induced process and the structure of microchips.  
The definitions and values of experimental parameters vary slightly between 
research groups depending on the techniques that are used [87]. Laser parameters 
can be categorised into two main divisions, depending on which parameters can 
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be directly measured by the laser system operator. The first division involves 
direct process parameters, such as laser power, number of pulses and pulse 
repetition frequency. The second division includes the calculated or indirect 
parameters such as laser intensity, pulse energy and fluence.    
The next section describes what is known about the effect of CO2 laser process 
control parameters on the measured process responses, such as the shape 
geometry, surface roughness, scale and accuracy. 
Laser power (W): A laser beam can be operated on continuous or pulsed mode, 
but in both modes the power has a big role in microchannel formation [88]. Yuan 
et al. examined the impact of laser power applied to PMMA samples [89]. They 
found that the mean laser power was directly proportional to the depth of 
microchannels. 
Number of pulses: This parameter is the pulsing frequency of the laser stream 
being applied to the material, which can be from 1 to 1000 pulses per inch (PPI). 
The highest PPI means highest resolution, which results in the smoothest surface 
channels [13]. Sokolowski-Tinten et al. [90] found that laser pulse number 
affected the depth and the width of the ablated region on target materials. 
Furthermore, by adjusting the number of laser pulses, the amount of thermal 
energy deposited per unit area or volume can be controlled with great precision. 
Spot size: The CO2 laser spot size has a powerful effect on the quality of engraved 
microchannels. A smaller spot size (higher power density) can produce a sharper 
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edge, depending on the material being ablated. The time within which the laser 
pulse is active affects the precision and shape of the ablated zones [91, 92].  
Emission wavelength: The laser wavelength is directly proportional to the 
smallest achievable focal spot size. Longer wavelengths such as those produced 
by a CO2 laser (10.6 μm) mainly initiate thermal reactions that will first melt and 
then decompose the material, leaving a void in the workpiece. The laser 
wavelength therefore strongly influences the size of the heat-affected zone. 
Focusing method: As the laser beam is focused, the energy required to make 
channels is reduced [93]. Optical microscopes are utilised to focus the laser pulses 
into the bulk of the transparent materials. The benefit of using microscopes is that 
they can focus the laser beam to a spot size that is equivalent to the laser's 
wavelength [94].  
Scanning speed: The scanning speed is typically a process parameter, whether 
the process refers to the motion of the laser beam or sample. This is the case in 
laser applications such as waveguide fabrication [95], surface texturing [96] and 
microchannel fabrication [97]. The results from previous studies show the 
scanning speed is inversely proportional to the size of the induced structures – the 
width and depth of the microchannels.  
 
 Experimental research on CO2 laser fabrication  2.3.3
CO2 laser fabrication is a process of material removal by melting and 
vaporisation. The fabrication of microfluidics microchannels using CO2 lasers is 
relatively new; the first report of the process was published in 2002. So far, few 
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groups have used this technique to create channels in polymer materials and fewer 
have studied the effect of laser parameters on a channel profile in PMMA [39, 89] 
or PDMS [13, 40], but it has, to our knowledge, not yet been investigated for PC. 
For example, Qi et al. [98, 99] and Klank et al. [88] used a CO2 laser to fabricate a 
PCR chip into a PMMA substrate. They concluded that the fabrication using CO2 
laser is strongly dependent on the materials. Cheng et al. [100] reported that 
aspect ratios of channels in microfluidics devices ranging from 0.5 to 7 could be 
accomplished on a single PMMA substrate through careful control of the CO2 
laser system parameters. The surface roughness of Cheng et al’s channel walls 
ranged from 5 to 10 μm, but the roughness was reduced without affecting the 
cross-sectional profile of the channel by performing a one-step thermal annealing 
treatment after the machining process. Chung et al. [101] presented a novel 
approach to eliminate the characteristic bulge on the rim of CO2 laser-engraved 
microchannels in a PMMA substrate by adding an extra layer of PDMS or 
unexposed photoresist to the polymer substrate prior to the machining process. 
Yuan and Das [89] presented an experimental and theoretical investigation into 
the micromachining of PMMA using a CO2 laser ablation technique. The 
experimental results showed that microchannels with depths ranging from 22 to 
130 μm and widths ranging from 44 to 240 μm could be obtained using a 
scanning speed of 2–14 mm/s and a laser power of 0.45–1.35 W. Hong et al. [52] 
utilised a CO2 laser direct-writing technique to fabricate microfluidic 
microchannels into a PMMA substrate. The experiment demonstrated the 
possibility of making channels with different depths and widths with a high aspect 
ratio. Recently, Li et al. [49] investigated the possibility of using CO2 laser to 
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fabricate channels into a PS substrate, and initiated the fast development of PS-
based microfluidics devices. They found bumps on the cutting edges of the 
microchannels due to the surface tension driven flow. 
 
 Theoretical analysis and mathematical modelling  2.3.4
To understand the influence of CO2 laser system on microchannel profile, 
theoretical and computational analyses have been used to interpret the 
experimental results.  
The model of the CO2 laser is based on heat balance and properties of Gaussian 
mode propagation. The beam radius, w (z), at any axial position, z, and the phase 
front radius R(z), can characterize the beam propagation of Gaussian mode, given 
in mathematical terms below [102]: 
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Figure  2.5. Gaussian beam propagation beginning from a waist w0. [102] 
  
The laser energy should be equal to the total energy that is conducted into the 
surface element and the energy that drives its decomposition. 
 
ܧ௟௔௦௘௥݀ݔ݀ݕ ൌ ܧ௖௢௡ௗ௨௖௧௜௢௡݀ܣ ൅ ܧௗ௘௖௢௠௣௢௦௜௧௜௢௡݀ݔ݀ݕ           2.8  
 
Yuan et al. [89] used the above equations to calculate the depth of PMMA 
microchannels. They assumed the CO2 laser beam could be described by the 
Gaussian intensity distribution and the energy balance. However, only a V-shaped 
microchannel profile can be predicted by this model. Modification of this model is 
required in order to achieve different cross-sections and for it to be used in 
polymer materials other than PMMA. 
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 Limitations of microchannels fabricated with CO2 lasers  2.3.5
2.3.5.1 Microchannel structure and profile 
The movement and behaviour of fluid in channels are mostly dependent on the 
channel parameters (cross-section shape, depth and width), so a successful 
fabrication technique must control these parameters precisely. However, as noted 
above, the cross-sections of microchannels fabricated by CO2 laser techniques are 
mostly V-shaped due to the characteristics of thermal beam distribution on 
materials as well as the properties of the material itself. It is well known that the 
profile of a cross-section plays an important role in microfluidics. As described 
earlier, in PCR devices the cross-section is important because the PCR mechanism 
depends on the heat transfer between the fluid inside these microchannels and the 
heat elements located under or above the chip. Shallow rectangular microchannels 
increase the surface to volume ratio and hence the contact area between the heat 
elements and fluid. Figure  2.6 shows the V-shape that can be easily created by a 
CO2 laser and also the preferred shallow rectangular cross-section for PCR 
devices.  
 
 
 
Figure  2.6. (A) the shape typically created by a CO2 laser [103], and (B) the 
preferred shape for PCR 
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2.3.5.2 Surface roughness  
Several researchers have demonstrated the influence of surface roughness on fluid 
in microchannels [104]. Surface roughness of channel walls is understood to be 
one of the most important issues for microfluidics because when the roughness is 
increased, the relative significance of dimensionless quantity (Reynolds 
number (Re)) reduces. Zhou et al. [105] reported that roughness could cause a 
pressure drop or heat transfer, as well as a change in the critical Reynolds number. 
The CO2 laser techniques described in the literature to date have produced 
relatively high roughness compared with conventional methods like soft 
lithography and injection moulding; this roughness can reach a few micrometres. 
Until recently, channel roughness was not taken into consideration in 
microfluidics, but with increasingly widespread practical application of 
microfluidics it has been recognised that the surface roughness of microchannels 
considerably affects fluid velocity, heat transfer, adsorption, optical signal 
detection and bubble generation in biomedical devices. Therefore, improvement 
of the CO2 laser technique has become increasingly necessary to achieve 
minimum surface roughness [106].      
Only a few studies have focused on the effects of surface roughness on the heat 
transfer features of fluid at a microscale [107]. However, most of them attribute 
the differences between the experimental results and classical theory to the 
roughness of the microchannel surface and to the geometry of the microchannels. 
Table  2.1 presents experimental data which shows the impact of surface 
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roughness on Nusselt numbers and thus on heat transfer. Qu et al. [108] attributed 
the deviations between experimental data and the numerical results to the 
roughness of their channels, which was relatively high (3.5–4.5%), and speculated 
that roughness strongly affected the velocity, heat, and mass flow characteristics. 
Liu et al. [109] examined the single-phase heat and mass characteristics of a 
deionised water flow using three quartz microtubes with inner diameters of 242, 
315, and 520 μm. They found deviations between the theoretical estimates and the 
experimental data were much larger for the smallest microtube than the largest 
microtube. The authors suggested that the deviation at the lower Reynolds 
numbers were caused by a variable property effect due to temperature rise along 
the microchannel. Another possible source of this deviation, which the authors did 
not identify, was the surface roughness of the microtube; the same surface 
roughness in a smaller tube can cause higher relative roughness than in a larger 
tube. 
 
Table  2.1. The impact of surface roughness on heat transfer 
Author(s) Shape Dh (μm)* Roughness 
(μm) 
Re Nu 
Liu et al. [109] Capillaries 242, 315, 520 - 100-7000 under-predicted 
Qu et al. [108] Trapezoidal 62.3-168.9 0.8 < Ra < 2   Over-predicted 
Kandlikar et al. [110] Capillaries 620, 1067 1 < Ra < 3  500-3000 Over-predicted 
*Dh is hydraulic diameter   
 
Using a CO2 laser to fabricate smooth microchannels in polymer is a developing 
technology currently in its infancy [106]. However, Wang et al. [106] did manage 
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to reduce the roughness of PMMA using a solvent with different concentrations. 
Their results show that roughness can be reduced from a few micrometres to 1 
μm. Figure  2.7 depicts Wang et al’s reduction of PMMA roughness from 4 μm to 
1 μm using acetone solvents. 
 
Figure  2.7. Surface roughness of PMMA before and after etching with solvents 
[106] 
 
 Summary 2.4
From the literature reviewed in this chapter, it is clear that microchannels can be 
fabricated for applications in biomedical devices using several different 
techniques. Many of these techniques, such as replication techniques and some 
writing techniques, are well established. However, the high cost and time 
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requirements of those techniques have motivated researchers to develop new 
techniques that can overcome these drawbacks.  
Several researchers have shown that microchannel fabrication using a CO2 laser is 
possible for different materials, especially polymers. However, we have 
insufficient understanding of the influence of different laser parameters on the 
formation of microchannels, and to obtain the desired microchannel profiles 
remains a problem.  
The results of experimental investigations using PMMA, PS and PDMS have 
shown microchannel profile (depth, width and shape) depends mostly on laser 
parameters such as power, speed and frequency. However, the literature review 
above shows that some materials have yet to be investigated, and the impact of 
energy distribution during change of laser spot size on the formation of 
microchannel shape is still poorly understood.  
The focusing of the laser on the material surface means the rate of penetration of 
the laser into the material is exponential. Thus, the highest energy is centralised in 
the focusing laser beam on the surface materials, and the channel cross-section is 
normally Gaussian or V-shaped. Although fabrication using a CO2 laser system 
has many advantages over the techniques of replication or other laser techniques, 
the influence of energy distribution on the formation of microchannels still needs 
to be clarified.  
The key points from this literature review can be summarised as follows. First, the 
process of using a CO2 laser to ablate microchannels is yet to be investigated in 
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many materials, such as PC and other materials that have shown excellent 
properties for microfluidic devices or LOC devices, particularly PCR devices. 
Secondly, although the cross-section of channels is very important for 
microfluidic function, with shallow rectangular cross-sections being ideal for 
PCR, the literature to date mentions only V-shaped channel profiles because the 
thermal energy distribution affects the flow of the distribution of the Gaussian 
beam. Thirdly, the surface roughness of the channels produced using CO2 laser 
ablation to date needs to be reduced to optimise microfluidic performance.
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 Chapter 3. Fabrication of Polycarbonate Microchannels 
Using a Defocusing CO2 Laser 
 
This chapter describes an investigation of the influence of various laser 
parameters on the profile and surface roughness of microchannels, and the 
development of a method that overcomes existing limitations on microchannel 
shape when a CO2 laser is applied to polymer. To fabricate channels with different 
profiles, a defocusing approach was introduced. The effect of various defocusing 
CO2 lasers and corresponding operational parameters on PC microchannels was 
studied comprehensively. This chapter includes details of the defocusing 
approach, the materials and facilities used, the overall experimental methodology, 
and experimental results and discussion. 
 Polycarbonate substrates  3.1
Many biomedical devices need to be compact and hand-held, have low energy and 
reagent consumption and high throughput, be disposable and cheap, and flexible 
for liquid handling without modification. These criteria limit the selection of 
materials, which also depends on the fabrication methods. The materials should be 
capable of being formed by a high-temperature CO2 laser at low cost (i.e., the 
disposable channel chips). Polycarbonate (PC) can be used for various LOC 
devices, and its physical, mechanical, chemical, electrical and thermal properties 
mean it meets all the criteria listed above.  PC is an amorphous thermoplastic, 
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which means that it becomes hard when cooled and softens when heated. The 
melting temperature of most thermoplastics is relatively high, and they become 
brittle as they cool below their Tg. Unlike these thermoplastic materials, PC does 
not become brittle. This is important for CO2 laser fabrication, which involves a 
heating and cooling process in order to achieve a strong and smooth channel 
surface. PC consists of monomeric units, which means that it has flexible joints 
and rigid segments. 
An understanding of laser–materials interaction and the ionisation potential of PC 
in terms of photon energy associated with laser emission wavelength is important. 
The ionisation potential is the smallest amount of energy needed to remove a free 
unexcited atom, expressed in electron volts (eV). Table  3.1 shows the dissociation 
energy for each bond existing in PC molecules.  
 
Table  3.1. Dissociation energies of polycarbonate bonds [111] 
Bond ED (eV) 
C-C 3.62 
C-O 3.74 
C-H 4.30 
C=C 6.40 
C=O 11.09 
 
The photon energy from a laser is calculated from Eph = hf, where h is Planck’s 
constant (4.1357× 10-15 eV·s), f is the frequency of laser emission, which is 
related to the wavelength, λ, through f=c/λ, c is the speed of light (3×108 m/s), and 
λ is the laser wavelength. Based on these equations, the Eph at 10.6 μm (the 
wavelength of a CO2 laser) is 0.117 eV. This means that ionisation and photon 
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absorption are the mechanisms of bond breaking, which may take place at the 
weakest bond C-C when PC absorbs about 31 photons, whereas the C=O bond 
requires about 95 photons to be broken down. However, Radziemski et al. [112] 
stated that multiphoton ionisation becomes insignificant at large wavelengths 
(greater than 10 μm); this means that PC ablation using a CO2 laser mostly occurs 
due to a mixture of photothermal and photochemical reactions [113]. The thermal 
properties (especially thermal diffusivity) of PC make it the best known polymer 
for the formation of microchannels using CO2 laser methods. 
 Defocusing method and implementation 3.2
 
 Defocusing technique 3.2.1
The defocusing mechanism involves focusing a laser under or above the material 
surface. The aim of this technique is to redistribute the laser energy and increase 
the homogeneity of energy at the laser spot, as shown in Figure  3.1.  
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Figure  3.1. (A) Focus of CO2 laser F=0, and defocusing, (B) above, F<0, and (C) 
under, F>0, substrate surface    
 
 
Figure  3.2 shows the spot size of both the focusing and defocusing methods. For 
the focusing method, the energy quickly reduces with distance from the laser 
centre, and high density exists in a small area. For the defocusing laser, the energy 
defocuses on the surface and energy distribution is almost equal in most areas. 
The average energy at the surface is not as high as that of a focusing laser.  
Several passes of a laser on the PC surface are required to fabricate wide channels 
(Figure  3.3). Intersecting scanning areas present no difficulty with a defocusing 
approach because the spot size areas are large. After the first pass the overlapped 
area is preheated for the next pass of the laser. This differs markedly from the 
focusing method, which can create V-shape cross-sections in one pass but 
produces channels with a wave border and high surface roughness; the defocusing 
approach can remove protuberances on the channel borders and thus reduce 
surface roughness.  
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Figure  3.2. Difference in laser beam spot area between (A) focusing, and (B) 
defocusing methods 
 
 
 
 
Figure  3.3. Multiple laser passes for wide microchannel ablation with a 
defocusing approach. The solid curve shows channel edges, the dashes show laser 
passes. 
 
 Implementation with CO2 laser  3.2.2
A commercial CO2 laser system (UNVESAL VLS3.50) with a High Power 
Density Focusing Optics (HPDFO) lens was used for the engraving process 
(Figure  3.4). The laser has a wavelength of 10.6 μm and a maximum output power 
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of 50 W; engraving power can be adjusted from 0 to 100%. The samples were 
placed on a fixed working station and engraved by moving the focusing lens over 
it. The cutting process speed can be set from 0% to 100% (the maximum rate of 
the laser motion). The number of pulses can be set between 1 and 1000 PPI. 
Together with defocusing distance, the power, speed and the number of pulses are 
the main parameters that determine the profile of fabricated channels and can be 
controlled by the Universal Control Panel (UCP) program.   
The micromachining pattern can be prepared by Computer Aided Design, 
CorelDraw or Photoshop software and can be directly sent to the laser UCP. 
Photoshop Illustration was used in this project.   
 
 
Figure  3.4. HPDFO lens 
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 Screening of parameter scales  3.2.3
As already noted, the microchannels are influenced not only by the laser beam 
parameters but also by the material properties. In this research, the material used 
was 100 mm × 100 mm PC sheet with a thickness of 4.3 mm. 
Preliminary experiments with the focusing approach were carried out in order to 
determine the range of each laser parameter for the material. The screening 
experiments were implemented by testing randomly selected sets of the laser 
emission parameters, including the maxima and minima of these parameters 
where appropriate. The trial and error method was repeated three times for each 
parameter until the significant control parameters and their ranges were 
determined. The parameters considered were: 
1. The average power of the laser beam, P (W); 
2. The translation speed of the PC sample, v (%); 
3. Focal position of the laser beam, F (mm); 
4. The number of pulses, n (PPI). 
The objective of these experiments was to identify the minimum power and the 
corresponding values of other parameters that could melt and vaporise the PC 
substrates.  
The first experiment showed the laser beam should have had enough time to melt 
and vaporise, otherwise the only bump would have been found on the surface of 
the PC. For example, when the engraving speed of the laser beam was at a 
maximum 100% and the power was 17% (8.5 w), the CO2 laser beam could only 
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form a bump on the substrate. The minimum laser power at which the laser can 
make microchannels in the PC substrate is 19% (9.5 W) at this speed (100%).  
The screening experiments showed that the ideal number of pulses is 1000 PPI. 
The depth of microchannels is very sensitive to laser power and speed. As the 
preferred channel depth for microfluidics devices is less than 600 μm, the 
experiment’s design took this fact into account. Figure 3.5 gives the measurement 
methods for channel width and depth.  
The screening experiments were performed with the focusing method. Defocusing 
fabrication was then carried out within the determined thresholds of each 
parameter from the focusing experiments. Different focal points of the laser, F=1, 
2 and 3 mm (Figure  3.1), were considered to investigate the dependence of the 
created shape on the distribution of the beam profile.  
 
 Characterisation of microchannels  3.2.4
3.2.4.1 Microchannel structure and profile  
The microchannels created by the CO2 laser were examined under a scanning 
electron microscope (SEM). Before SEM imaging, the samples were coated with 
silver and sputter-coated with gold. They were then dried in a chamber for 16 
hours. Figure  3.5 contains images of a typical channel fabricated by the focusing 
method. The NewScope JCM-5000 SEM (Figure  3.6 A) was used to characterise 
the microchannels. Image processing software, ImageJ, was used to measure the 
channel profile, including the parameters of width and depth illustrated in Figure 
3.5. 
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Figure  3.5. Microchannel fabricated by defocusing at 2.15 W and 1.9% speed 
 
 
Figure  3.6. Characterisation equipment: (A) NewScope (JCM-5000) and (B) 
profile metric system (Talysurf Intra) 
 
3.2.4.2 Surface roughness   
The Tylor Hobson Profile-metric was used to measure the roughness of the PC 
surface (Figure  3.6 B) at high precision. 
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 Microchannel fabrication – focusing approach 3.3
 
 Dependence of profile on laser parameters  3.3.1
 
Figure  3.7 shows the profile of microchannels fabricated at various powers at a 
speed of 20% and F = 0. It confirms that the microchannel depth increases with 
increasing laser power and decreasing laser engraving speed. A deeper molten 
pool was formed at a slower engraving speed and a higher laser power. This 
approach produced a V-shaped microchannel. 
 
Power: 9 W Power: 12 W Power: 13 W 
   
 
Figure  3.7. V-shape of the microchannels using focusing method with different 
powers at 20% speed 
 
The variation of microchannel width with laser power and engraving speed is 
plotted in Figure 3.8, which shows the width increasing smoothly with the 
increased laser power. At power higher than 18 w, the width remained 
approximately constant when the speed was increased up to 20%. The channel 
became too wide at a speed of 1.1%, for example, it is 594 μm and 642 μm at 3 W 
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and 24 W, respectively. At a laser speed of 28% the width of produced channels is 
in the range of 200 μm to 340 μm at a laser power of 6 W to 24 W.  
Figure  3.9 shows the effects of the power and speed of the CO2 laser on the depth 
of the microchannels. The depth is strongly influenced by laser power, especially 
at low laser speeds. At powers below 6 W and speeds less than 8%, the channel 
depth ranged from 98 μm to 313 μm.  
 
Figure  3.8. Variation of width of microchannels with laser power and engraving 
speed (laser focusing method) 
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Figure  3.9. Variation of depth of microchannels with laser power and engraving 
speed (laser focusing method) 
 
The aspect ratio (depth/width) is another important factor and was used to 
evaluate the micromachining quality of the microstructure. The results shown in 
Figure  3.10 indicate that a smaller aspect ratio can be achieved by using a higher 
cutting speed. With a given cutting speed a higher aspect ratio was obtained with 
higher laser power, but the experiments at laser power of more than 24 W showed 
that the aspect ratio increased very slowly.  
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Figure  3.10. The impact of power on aspect ratio at different speeds (laser 
focusing method) 
 
 Surface roughness  3.3.2
 
Figure  3.11 shows the surface roughness obtained with the focusing approach. 
The average surface roughness was about 6.90 μm, which is substantially higher 
than the roughness of channels fabricated by conventional methods, which 
typically have values of about 1 μm.  
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Figure  3.11. The roughness of microchannels produced by the focusing CO2 laser 
system 
 
 Microchannel fabrication – defocusing approach 3.4
Microchannels were fabricated using laser defocusing method with F<0 and F>0 
at different laser powers and speeds. F shows some typical results from both 
defocusing methods. It can be seen that the profiles of channels produced using 
the defocusing method with F<0 were much less uniform than from those with 
F>0. Therefore, the F<0 defocusing results will not be discussed in detail. 
Defocusing with F>0 has possibilities for fabricating channels and is the subject 
of most of the following w0. 
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F Power = 8 W 
 Speed = 12% 
F = 3 mm 
Power = 15 W 
           Speed = 20% 
F = 2 mm 
Power = 32 W 
      Speed = 6% 
F = 1 mm 
F 
 
 
 
 
F<0 
   
 
 
 
F>0 
   
  
Figure  3.12. Comparison of the profile of microchannels fabricated by defocusing methods of F>0 and F<0 
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 The profile of microchannels fabricated by F>0 3.4.1
The experiments show, that the shape of microchannels can be changed by 
changing the value of F. Nevertheless, other parameters such as laser power and 
speed have influence too, so controlling those parameters is also very important. 
As the defocusing distance increases, the energy intensity of the laser spot beam 
on the PC surface decreases. Investigation of defocusing parameters shows that 
different shapes can be produced. 
For F = 1 mm,  
Figure  3.13 shows the shape is slightly different when compared with the focusing 
method. The profile of channels has changed from a sharp V-shape with the 
focusing method to an almost U-shape with 1 mm defocusing. 
Power = 15 W 
Speed = 16% 
Power = 16 W 
Speed = 16% 
Power = 18 W 
Speed = 12% 
   
 
Figure  3.13. U-shaped cross sections obtained using F = 1 mm defocusing at 
different laser powers and speeds 
 
For F = 2 mm, Figure 4.13 demonstrates the shape can be changed from a U-
shape to a rectangular shape. The homogeneity of energy intensity on the PC 
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surface with an increased spot size means the laser penetrates into the material 
almost uniformly in the area and the material will decompose uniformly.  
 
 
Power = 15 W 
Speed = 20% 
Power = 6 W 
Speed = 16% 
Power = 6 W 
Speed = 1.7% 
   
 
Figure  3.14.  Trapezoidal cross-section obtained using F = 2 mm defocusing at 
different laser powers and speeds  
 
For F = 3 mm, the energy intensity is decreased to a value less than requirement 
for making a rectangular shape, therefore, the channels return to be a semicircular 
cross-section (Figure 3.15). 
Therefore, the defocusing experiment proved it is possible to achieve channel 
shapes other than the V-shape. However, as the power and speed of the laser also 
strongly influence the profile of fabricated microchannels, they should be 
controlled carefully when selecting the appropriate defocusing length.  
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        Power = 6 W 
        Speed = 20% 
      Power = 9 W  
      Speed = 18% 
     Power = 15 W 
     Speed = 16% 
   
Figure  3.15.  Semicircular cross-section obtained using F =3 mm defocusing at 
different laser powers and speeds 
  
 Dependence of microchannel profile on fabrication parameters (F>0) 3.4.2
To investigate the influence of the focal position on the channel size and shape, 
experiments were conducted at different defocusing distances, F = 1 mm, 2 mm 
and 3 mm.  
The width and depth of microchannels as a function of laser power for various 
engraving speeds s are plotted in Figures 3.16, 3.17 and 3.18 for F = 1, 2 and 3 
mm respectively. Overall, laser power strongly influences channel depth. The 
depth sharply increased with increasing laser power at speeds from 0.1% to 24%. 
For F= 2 mm, channel depth ranged from 64 μm at speed of 20% and power of 6 
W to 650 μm at speed of 2.1% and power of 18 W. For F = 3 mm the depth 
ranged between 51 μm at laser speed of 20% and power of 6 W to 641 μm at laser 
speed of 2.1% and power of 18 W. 
The channel width increases slowly with the increase in laser power at a low 
speed (Figures 3.16, 3.17 and 3.18). It is clear that the width is very sensitive to 
laser speed, especially at lower laser speeds (from 0.1% to 16%). 
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Figure  3.16. Variation of depth and width of microchannels with laser power and 
engraving speed at defocusing F = 1 mm 
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Figure  3.17. Depth and width of microchannels with laser power and speed at 
defocusing F = 2 mm 
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Figure  3.18. Variation of width and depth of microchannels with laser power and 
speed at defocusing F = 3 mm 
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The variation of channel size with the focal position is shown in Figure  3.19. The 
microchannel width and depth decreased with the increase in F. For example, at a 
power of 16% (8 W) and a laser process speed of 4%, the top widths of 
microchannels were 560, 530 and 510 μm, and channel depths were 420, 360 and 
310 μm at the defocusing distances of 1, 2, and 3 mm, respectively.  
Increasing F (>0) means that the spot area on the surface increases and the 
intensity is reduced. When the intensity is reduced, the energy absorbed by 
materials will be less. In the focusing method the laser is focused on a small area; 
in defocusing the laser beam is focused on a much larger area of the PC surface, 
which means the energy intensity is redistributed, therefore the size (depth and 
width) of microchannels is reduced. 
Figures 3.20, 3.21 and 3.22 show the variation of channel aspect ratio 
(depth/width) at F = 1, F = 2, and F = 3, respectively. Most aspect ratios were less 
than 1. To make a channel with aspect ratio of less than 1, the channel’s width 
should be greater than its depth. To get these results, the increase in laser power 
should be inseparable with increasing its speed. 
A comparison of results for F = 1, 2, and 3 mm (Figures 3.20, 3.21, and 3.22) 
shows the aspect ratio was reduced as F increased. In general, with a given low 
cutting speed, a higher aspect ratio can be obtained with a higher laser power, but 
the influence of laser power on aspect ratio is weak when power is very high. 
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Figure  3.19. Variation of depth and width of microchannels with F 
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Figure  3.20. The impact of power on aspect ratio at different speeds for F = 1 mm 
 
Figure  3.21. The impact of power on aspect ratio at different speeds for F = 2 mm 
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Figure  3.22. The impact of power on aspect ratio at different speeds for F = 3 mm 
 
 Optimisation of processing parameters  3.4.3
The main issue in microchannel fabrication using laser ablation is how to create a 
wide range of feature sizes with reasonable surface smoothness. The experiments 
described here showed that this can be obtained with F ≥ 2 mm, power less than 
6% and speed less than 4%. The aim of the following experiments was to use a 
CO2 laser with 2 mm and 3 mm defocusing to obtain a shallow rectangle or 
trapezoidal shape in PC and reduce the roughness of the microchannels relative to 
that obtained in previous experiments.  
Table  3.2 and  3.3 show the results obtained using defocusing of 2 mm and 3 mm 
(respectively) at a constant laser speed of 2.3%. The power increased from 5 W to 
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6 W by increments of 0.2 W. Due to the very low speed, the low increment was 
used because of the significant impact of power on the size of the microchannels.  
 
Table  3.2. The width and depth of microchannels using 2 mm defocusing at a 
speed of 2.3% 
Power (W) Width (μm) Depth (μm) Aspect ratio (D/W) 
5.0    
5.2 400 270 0.74 
5.4 410 290 0.76 
5.6 420 310 0.84 
5.8 430 340 0.85 
6 450 370 0.82 
 
Table  3.3. Width and depth of microchannels using 3 mm defocusing at a speed of 
2.3% 
Power (%) Width (μm) Depth (μm) Aspect ratio (D/W) 
5.0 -   
5.2 410 140 0.34 
5.4 400 150 0.33 
5.6 420 170 0.43 
5.8 450 200 0.47 
 
The average width of the microchannels was 420 μm, while the depth increased 
from 270 μm to 370 μm (Table  3.2). With 3 mm defocusing the average width 
was unchanged (420 μm), but the average depth was reduced. However, Figure 
3.23 shows the shape reformed to a rectangular cross-section at a power of 2.7 W 
and a speed of 2.3%. 
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Figure  3.23. Cross-section of microchannels using F = 2 mm defocusing at a 
speed of 2.3% 
 Quality of microchannel surface  3.5
To examine the influence of defocusing on the surface roughness of 
microchannels, samples fabricated with the same inputs (power and speed) but 
with different defocusing distances (2 and 3 mm) were compared. The power 
increased from 1.15 W to 1.45 W at 0.05 W increments, while the laser speed was 
kept constant at 1.1%. The resulting cross-sections were semicircular, but the 
quality of the microchannel surface was significantly improved compared to those 
created using a focusing laser (F=0). Figures 3.24 and 3.25 show the 
microchannel cross-sections and the surface is very smooth. 
 The roughness of microchannels  3.5.1
Figure  3.26 demonstrates that the roughness decreased when a defocused laser 
was applied as relative to results obtained using a focused laser. The mean 
Power = 5% (2.6 W) 
F = 1 mm 
Power = 5.4% (2.7 W) 
F = 2 mm 
Power = 5.6% (2.8 W) 
F = 3 mm 
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roughness of microchannels produced with a focusing laser was more than 6 μm 
(Figure 3.11), but only 1.2 μm with a defocusing length of 2 mm (Figure 3.26). 
This was because of the more even energy distribution and simultaneous 
reduction in thermal energy intensity 
 
Power 2.3% (1.15 W) Power 2.4% (1.2 W) Power 2.5% (1.25 W) 
   
Power 2.6% (1.3 W) Power 2.7% (1.35 W) Power 2.8% (1.4 W) 
   
Power 2.9% (1.45 W)   
 
  
 
Figure  3.24. Semicircular cross-sections produced by defocusing with F = 3 mm 
and a speed of 1.1% 
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Power 2.3% (1.15 W) Power 2.4% (1.2 W) Power 2.5% (1.25 W) 
   
Power 2.6% (1.3 W) Power 2.7% (1.35 W) Power 2.8% (1.4 W) 
 
  
Power 2.9% (1.45 W)   
 
  
 
Figure  3.25. Semicircular cross-sections produced by defocusing with F = 2 mm 
and a speed of 1.1% 
 
. 
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Figure  3.26. Surface roughness obtained using a defocused CO2 laser 
 
 
 Surface chemical composition of microchannels 3.5.2
An X-ray photoelectron spectroscopy (XPS) surface analysis of the exposed PC 
was performed. X-ray photoelectron spectroscopy utilises photo-ionisation and 
analyses the kinetic energy distribution for electrons emitted after the interaction 
between primary X-rays and a sample is sensed. The basic mechanism behind an 
XPS instrument is illustrated in Figure  3.27. The energy of an X-ray source ranges 
from 100 to 2500 eV. A hemispherical analyser filters the energy coming from the 
surface due to the ejected electron. This energy is recorded by a detector before 
the defined energy intensity. The elemental composition of carbon (C) and oxygen 
(O) was obtained by survey scans. The C 1s binding energies of the samples were 
established by charge shifting the lowest binding energy peak of C 1s to 284.0 eV. 
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Figure  3.27. Schematic diagram of an XPS instrument 
 
Table  3.4 shows the relative percentage of atomic concentrations of the PC before 
and after laser ablation. After ablation, there was a slight increase in the level of 
carbon and a decrease in the oxygen concentration. Figure  3.28 shows high 
resolution XPS spectra in the C 1s and O 1s region for polycarbonate PC before 
and after ablation. The C 1s spectrum for PC consists of four components at 
284.90 eV (neutral hydrocarbon), 285.00 eV (carbon singly bonded to oxygen), 
286.63 eV (carbonate carbon) and 288.94 eV (the aromatic rings) corresponding 
to aromatic and aliphatic carbon species -CHx-, -C- O (C=O-C-, -CO- (C=O) OC-, 
respectively.   
The PC ablation C 1s spectrum shows there was not much difference in the 
presence of each carbonate species. This was further supported by the additional 
component at 531.90 eV observed in the O 1s spectrum for the ablation PC. 
Before PC ablation, the peak at higher binding energies in the O 1s spectrum was 
532.1 eV. The XPS results from the ablation PC confirmed that PC is thermally 
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stable, and due to the strong bonding of species, the dissociation occurred when 
getting equivalent energy for all species at the same time. This is evidence that PC 
decomposition occurs in a single step when the temperature reaches 500°C [114]. 
In addition, PC absorbs the CO2 laser light with energy equal to or greater than its 
band-gap energy, thus producing an excited charge carrier [115]. These results 
explain how different cross-section shapes can be obtained in PC using a CO2 
laser. 
 
Table  3.4. Relative atomic concentrations of elements on the surface of the PC 
before and after CO2 laser ablation 
 
 
 
Relative Atomic Concentrations (%) 
Sample C O Other elements 
before ablation 79.51 18.45 2.04 
after ablation 87.50 10.15 2.35 
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Figure  3.28. High resolution of C 1s and O1s peak region spectra for PC before 
(a), and after ablation (b) 
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 Conclusion  3.6
The experiments described in this chapter demonstrated the feasibility of using 
CO2 laser engraving for rapid fabrication of PC microfluidic channels. The 
defocusing laser beam method achieved good rectangular-shaped microchannels. 
The experiments showed that the profile of the channels can be easily manipulated 
by adjusting various engraving parameters, such as laser power, speed, and 
position of laser focusing.  
By defocusing the laser, the energy was redistributed on a larger spot size, 
allowing different cross-sections to be obtained. The defocusing method permits 
V-shaped, trapezoidal and semicircular channels. In addition, while the mean 
roughness of microchannels with a focusing method was more than 6 μm, it was 
reduced to less than 1 μm with the defocusing method. This was due to the more 
uniform energy distribution. Moreover, the XPS analysis showed that the surface 
chemistry of PC was not changed substantially, which suggests that the material 
can be used for biochemical and biological applications (especially PCR devices) 
after CO2 laser ablation.  
Despite the successes described above, controlling the size of microchannels 
remains a problem. Although this chapter demonstrates the ability of a CO2 laser 
to obtain different cross-sections with high quality, how to control these 
parameters to achieve a specific design, especially a rectangle shape, is still not 
clear. This is due to the great influence of laser power on the formation of the 
channels.  
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The next chapter focuses on the impact of defocusing method with changing laser 
speed on channels profile. 
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 Chapter 4. High-Efficiency Fabrication of Microchannels 
with a Shallow Rectangular Profile 
 
A rectangle is one of the most difficult shapes to achieve in the CO2 laser 
fabrication of microchannels. The difficulty comes from the nature of the laser 
profile, which works against channels with a sharp corner angle and a long linear 
bottom. In the last chapter, it was shown how it was possible to achieve shapes 
other than the V-shape. However, how to control laser parameters to produce a 
specific shape, especially a rectangular shape, is still unclear. Hence, the 
manipulation and redistribution of laser energy intensity to produce a shallow 
rectangular microchannel is explored in this chapter.  
This chapter begins with a description of the design of a microchannel through 
sample flow and heat transfer simulations, and demonstrates the importance of the 
rectangle shape over other shapes, such as the V-shape and the semicircular shape. 
A CO2 laser fabrication technology for a rectangular-shaped channel is then 
explored, and the operational parameters are determined by evaluating the general 
structural parameters and proposed geometric parameters. 
 Designing rectangular microchannels   4.1
 
 Determination of structural parameters 4.1.1
In biomedical devices such as PCR microchips, the cross-section of 
microchannels is important because the mechanism depends on the heat transfer 
of the samples inside the channels. To increase the heat transfer between the heat 
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elements located below or above the microchannels and the fluid inside, the 
surface to volume ratio should be maximised. As described in Chapter 2, in order 
to increase the contact area between the heat elements and fluid, shallow 
rectangles with an aspect ratio (depth/width) less than 1 are required (Figure 4.1 
B).  
 
 
Figure  4.1. A PCR microchannel (A) and preferred cross-section shape (B)  
 
In this research, a channel was designed based on the requirements of a PCR 
device. The aspect ratio (depth/width) chosen was 0.2. This ratio was selected 
according to the literature [116] and on the basis of the sample volume typically 
used in biomedical microdevices [117]. The desired width of the microchannels 
was 600 μm, therefore the depth was 120 μm. The hydraulic diameter for this 
rectangular shape is: 
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where A is the cross-sectional area and P is the wetted perimeter of the cross-
section. The hydraulic diameter is 200 μm according to Equation 4.1.  
Channels with 200 μm hydraulic diameter of triangular cross-section and 
semicircular cross-section were compared with the rectangular one. Table  4-1 
shows the structural parameters of these channels.  
 
Table  4-1. Parameters of microchannels with a hydraulic diameter of 200 μm 
Channel shape Hydraulic diameter 
(μm) 
Width 
(μm) 
Height 
(μm) 
Cross-section area 
(μm2) 
Rectangle 200 600 120 72000 
Triangle 200 346 300 51900 
Semicircle 200 327 163 41990 
 
 Heat transfer and pressure drop through microchannels – CFD 4.1.2
modelling 
Computational fluid dynamics (CFD) is a powerful tool that can be utilised to 
solve the governing equations of energy, mass and momentum transport using 
various numerical algorithms. The CFD CFX package [118] was used to simulate 
the sample flow and heat transfer in microchannels in this study. 
 
4.1.2.1 Models and meshes  
Figure 4.2 shows the model structures and meshes. To make the convergences 
faster per iteration, an extruder mashed model was used. In the case of the 
semicircular and triangular cross-sections, the total thickness of the 5 prism layers 
was 0.01 mm, as measured from the wall boundary towards the core mesh in the 
middle of the channel.  
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Figure  4.2. Models, L = 10 mm, for (A) triangle cross section, (B) semicircle 
cross section, and (C) rectangular cross-section 
 
4.1.2.2 Governing equations and boundary conditions 
The governing equations include the continuity equation (4.2), the momentum 
equation (4.3) and the energy equation (4.4).    
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where ρ is the density, Cp is fluid thermal capacity, μ is the dynamic viscosity, and 
K is thermal conductivity. The algebraic equations are solved numerically by the 
solver used in the CFD ANSYS model [119].  
The fluid used in the simulation was water, with a constant specific heat (Cp), 
density (ρ), and thermal conductivity (k). All walls were no-slip walls. The side 
and bottom walls have a constant temperature of 293 K, while the top walls (the 
heater) have a temperature of 370 K (highest temperature used in PCR devices). 
The boundary conditions for the inlet were a velocity of 4 mm/s and a temperature 
of 293 K.  
 
4.1.2.3 Pressure drop 
Figure  4.3 shows the pressure drop of the sample through the semicircular, 
triangular and V-shaped microchannels and the rectangular microchannels. The 
pressure at the inlet was 8200, 5400 and 4200 Pa for the rectangular, triangular 
and semicircular cross-section microchannels, respectively. At the hydraulic 
diameter of 200 μm, the flow rate of the rectangular cross-section was higher than 
the semicircular and triangular channels; this is due to its larger cross-sectional 
area, thus the pressure at the inlet channel was higher than in the others. As a 
result, the pressure drop at any length of Z-axis of the semicircular and triangular 
microchannels was less than in the rectangular-shaped channel, as expected.  
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Figure  4.3. Pressure drop in microchannels with semicircular, triangular, and 
rectangular cross-sections 
 
4.1.2.4 Heat transfer  
The heat transfer between the heater on the upper walls of the microchannels and 
the fluid inside the microchannels was simulated. A heating time of 20 s was 
applied, because each step of PCR cycling generally takes from 20 to 30 s [17]. 
The heater temperature was 370 K (93°C), which is the temperature of heat 
denaturation in DNA amplification in the PCR process. In addition, the 
temperature change along a line through the centre of the microchannels was 
measured to compare the heat transfer from the heater (top channel) to the farthest 
point (bottom channel). Figures 4.3, 4.4, and 4.5 show the contour of temperature 
distribution in the semicircular, triangular, and rectangular shapes respectively. 
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The temperature of the fluid was decreased from 370 K to less than 300 K in the 
vertical direction. 
 
 
Figure  4.3. Temperature distribution of sample in the semicircular cross-section 
microchannel 
 
 
             
 
Figure  4.4. Temperature variation in the triangular cross-section at 20 second 
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Figure  4.5. Temperature distribution of sample in rectangular cross-section 
microchannel 
 
 
Figure  4.6. The temperature distribution along the depth of the rectangle, the 
symmetric axis of the triangle, and vertical (top to bottom) radius of the semi-
circle, computational solution at 20 s 
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Figure  4.5 illustrates that the rectangular channel has the highest heat transfer 
between the heater and the fluid; this is because the ratio of heat transfer surface 
to volume is the highest of the three channels. The microchannel with a 
rectangular shape has the smallest depth, therefore, the heat can reach more of the 
fluid it carries (Figure  4.6). 
 
  Fabrication and characterisation of rectangular 4.2
microchannels 
 
 Laser fabrication  4.2.1
The defocusing CO2 laser fabrication method was further improved with respect 
to fabricating rectangular channels based on the results from Chapter 3. The 
engraving trials were performed using four laser beam stops, positive defocusing 
(F = 1 mm and F = 2 mm) and negative defocusing (F = -1 mm and F = -2 mm). 
In the engraving experiments, the laser power was fixed at 5.6% (2.8 W), while 
the scanning speed varied between 4.3% and 4.7% with an increment of 0.1%. 
The required time for fabricating a 30 mm length channel at a process speed of 
4.3% is 9 s, whereas the required time to fabricate 30 mm at a speed of 4.7% is 8 
s. Therefore, the minimum engraving rate, corresponding to 4.3%, is 3.333 mm/s 
(L/t = 30 mm/9 s), whereas the maximum engraving rate, corresponding to 4.7%, 
is 3.75 mm/s. Table  4-2 lists the speeds applied in this work. 
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Table  4-2. The ablation rate of a 30 mm length of channel at laser power of 2.8 
watts 
Process speed (%) Time (s) Ablation rate (mm/s) 
4.3 9.00 3.33 
4.4 8.75 3.43 
4.5 8.50 3.53 
4.6 8.25 3.64 
4.7 8.00 3.75 
 
 
 Characterisation of microchannel structure and profile  4.2.2
An accurate measurement of cross-section dimensions is extremely important in 
microscale thermal fluid experiments. The laminar friction constant and fraction 
factor are dimensionless factors that depend mainly on the velocity, hydraulic 
diameter Dh, cross section of channel and density (proportional to Dh4 and Dh5 
respectively). Thus, a 5% increase in the hydraulic diameter not accounted for in 
the data reduction can lead to a decrease in the laminar fraction constant and 
fraction factors of approximately 22% and 28%, respectively [120]. In order to 
reduce any error in measurements, the use of the indirect measurements method in 
addition to SEM image measurements was necessary. ImageJ software was used 
to accurately measure a cross-section of a microchannel in 2D. Knowing the x and 
y axis data in the 2D plot means the distance between any two points can be 
calculated by the appropriate calibration factor. 
As described in Section 4.1.1, the microchannel to be tested was 600 μm× 120 μm 
with an aspect ratio (depth/width) of 0.2. The choice of this aspect ratio was due 
to its usefulness in microfluidics in terms of heat transfer, the pressure drop inside 
the microchannels and a large surface to volume ratio.  
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To achieve precise results, the ideal rectangle was exported into ImageJ to 
calculate the differences between a real channel and an ideal channel (target 
channel) (Figure  4.7). The area on both sides of the central line was equal. The 
width measurements were taken from the highest points on both sides of the 
microchannels. The depth of channels was measured along the central line, 
because this point was the deepest point in most cases. 
 
Figure  4.7. Example of microchannel measurement and the measurement method 
 
Three parameters were used to evaluate the quality of the microchannels. They 
were the aspect ratio (H/W), the hydraulic diameter (Dh), and the proportion of the 
whole ideal area not produced (S).  
 
4.2.2.1 Hydraulic diameter 
The hydraulic diameter was calculated using Equation 4.1. 
 
4.2.2.2 Cross-sectional area 
To compare the cross-sectional area of the fabricated channels to the target area, 
the area was calculated at specific aspect ratio of 0.2, therefore the width was 600 
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μm and the depth was 120 μm. The ideal area was superimposed on the images of 
the channels created by the CO2 laser using ImageJ software. Firstly, all the areas 
under and over the expected areas were calculated. Secondly, the ratio between 
the solid area (S) and the ideal rectangle area (Ri), and the area ratio between the 
cavity area (C) and the Ri was calculated. Finally, the difference between the sum 
of the solid area (S) and the cavity area (C) was divided by the Ri. This procedure 
of calculation is illustrated in Appendix B. This calculation occurred in order to 
understand the impact of defocusing parameters on the cross-sectional area of 
microchannels.  
 
 Characterisation of microchannel surface properties  4.2.3
After the CO2 laser engraving of the PC surface, the contact angle and wettability, 
Fourier transform infrared (FTIR) spectroscopy, and Atomic Force Microscopy 
(AFM) surface roughness were characterised.   
 
4.2.3.1 Roughness 
The surface roughness of the microchannels was measured at 1.2 μm using the 
Profile-metric system described in Chapter 3. Then, the surface was measured to 
characterise it for different speeds at 2.8 W with Profile-metric and AFM was 
used to confirm the surface roughness quality.  
 
4.2.3.2 Fourier transform infrared spectroscopy 
The infrared micro spectroscopy beamline combines the high brilliance and high 
collimation of the synchrotron beam with a Bruker V80v FTIR spectrometer and a 
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Hyperion 2000 IR microscope to reach high signal-to-noise ratios at diffraction-
limited (lateral) spatial resolutions with a sampling depth of around 3-8 μm. The 
FTIR infrared spectra of PC before and after CO2 laser ablation were overlapped 
for comparison, and special attention was given to the stretching region from 800 
to 3600 cm-1. 
 
4.2.3.3 Contact angle and wettability 
To study the wettability of CO2 laser ablated microchannels, contact angle (CA) 
was measured before and after the laser processing. PC samples were accurately 
cleaned with a dust remover and deionized water (DI-water) to remove the 
residual debris produced during ablation.  
 Experimental results and discussion 4.3
 Determination of parameters for fabricating the designed 4.3.1
microchannels 
4.3.1.1 Hydraulic diameter variation 
The hydraulic diameter of the design was 200 μm. Figure  4.8 shows the 
relationship between speed and the hydraulic diameter Dh at different defocusing 
and focusing positions. The reference line refers to the hydraulic diameter, which 
is calculated by using equation 4.1 and is supposed to be fixed at different speeds. 
It is clear that the results obtained at F = 0 and F = -1 mm were greater than that 
expected; the depth and the width were higher than the required channel size (600 
μm ×120 μm). The depth is 41% higher whereas the width is 0.53 mm, 12% less 
than the ideal width.  
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Figure  4.8. The relationship between speed and hydraulic diameter at different 
defocusing parameters 
 
 
 
4.3.1.2 Cross-sectional area variation 
Figure  4.9 shows the percentage of the remained solid area that was not cut with 
laser to the target area. This area is mostly high for both sides of channels because 
of the difficulty of creating channels with an angle of 90o. The Figure illustrates 
that this percentage is reduced with increasing laser speed for F = 2 mm, F= -2 
mm and F = 1 mm.  
The relationship between the laser speed process and the unwanted channel cavity 
(produced due to high power or low speed) is shown in Figure  4.10. The smallest 
percentage of unwanted channel cavity was at F = -2 mm at a process speed of 
4.5%.  
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Figure  4.9. The relationship between speed and ratio of the remaining solid to the 
ideal rectangle (S/Ri) at different defocusing parameters 
 
 
Figure  4.10. The relationship between speed and the ratio of the unwanted cavity 
area (C) (over ideal rectangle area) and ideal rectangle (RI) at different defocusing 
parameters 
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To find the fabricated channel closest to the target channel, the relationship 
between the process speed and the percentage of sum of both (cavity and solid 
areas) was calculated (Figure  4.11). The best results were obtained at F= 2 mm 
and a speed of 4.7%, at which the area of the sum (cavity solid areas) was close to 
zero. 
 
 
Figure  4.11. The relationship between speed and the sum of cavity and solid areas 
to ideal rectangle (Ri) at different defocusing parameters 
 
4.3.1.3 Influence of defocusing distance on channel profile  
Defocusing of -1 mm means the laser was applied to the upper surface of the PC. 
Figure 4.12 illustrates the channel profile produced at F = -1 mm and laser speed 
of 4.7%. The depth of the channel was 0.18 mm, while the width was greater than 
the expected result by approximately 6%. This defocusing had high energy under 
the surface.  
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Figure  4.12. Polycarbonate microchannel created at a speed of 4.7% using -1 mm 
defocusing 
 
By defocusing of F= -2 mm, the laser focused 2 mm above the material surface. 
Figure  4.13 shows that the result was better than the -1 mm defocusing. The depth 
was 0.15 mm and the width was 0.63 mm, which were higher than expected. Due 
to the energy being focused slightly away from the surface, the laser spot area on 
the surface increased. This meant the density of the energy at the PC surface was 
less than achieved with the defocusing of -1 mm. The width of the channel was 
increased, but the depth was reduced.     
 
Figure  4.13. Polycarbonate microchannel created at speed of 4.7% using -2 mm 
defocusing. 
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Using defocusing of F =1 mm and F = 2 mm the laser was focused under the PC 
surface. Figure  4.14 shows the results were better when using the defocused 
approach at 2 mm under the surface than 1 mm. These results show the size of the 
microchannel was very close to the target channel. The width of the microchannel 
was as expected (600 μm) when the focus was 2 mm, whereas the depth was 115 
μm, 4% lower than the target figure. Figure  4.14 (b) shows the cross-section of the 
rectangular shape obtained at a speed of 4.7%. 
 
 
Figure  4.14 Microchannels at speed of 4.7 % using 1 mm (a) and 2 mm (b) 
defocusing approaches 
 
 
4.3.1.4 Dependence of channel profile on scanning speed at F=2 
Figure  4.15 demonstrates the channels created using the 2 mm defocused laser 
beam method with a constant laser power of 2.8 W and scanning speeds ranging 
between 4.3% and 4.8%. The depth of the channels decreased when the process 
speed increased, but it is clear the microchannels have different edges. The length 
of the channels was 30 mm and the ablation rates were 3.33, 3.43, 3.53, 3.64, 3.75 
and 3.84 mm/s; the aspect ratios of the six channels were 0.27, 0.24, 0.23, 0.19, 
0.20 and 0.16, respectively. Thus, both the channel depth and the aspect ratio 
reduced as the scanning speed increased. The only exception was the aspect ratio 
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of the first channel; it was relatively deep (170 μm), produced at a process speed 
of 4.3%. In other experiments at laser speeds of 4.4, 4.5, 4.6, 4.7, and 4.8% the 
depth was 150, 150, 130,120 and 90 μm, respectively. Figure  4.15 (f) shows the 
channel produced at laser speed of 4.8% which was shallower than expected; the 
depth was only 94 μm and the shape was semicircular. Figure  4.15 (e) shows a 
channel with depth of 120 μm and width of 600 μm (and therefore an aspect ratio 
of 0.20), produced using the defocused method with a constant scanning speed of 
4.7% (ablation rate of 3.75 mm/s), and power of 5.6% (2.8 W). This channel has 
dimensions very close to those of the designed (target) channels. 
 
Figure  4.15. SEM images of channels created using the defocused laser beam 
method with a constant laser power of 2.8 W and scanning speeds ranging 
between 4.3% and 4.8%. 
 
 
a) Speed = 4.3% b) Speed = 4.4% c) Speed = 4.5% 
   
d) Speed = 4.6% e) Speed = 4.7% f) Speed = 4.8% 
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4.3.1.5 Dependence of surface roughness on scanning speed at F = 2 mm 
The surface roughness of microchannels results from the laser intensity and the 
time of materials solidification not corresponding with the time required for 
vaporisation. The first problem can be overcome by the defocusing technique, as 
was proved in the last chapter. The second problem can be solved by controlling 
the laser process speed. In other word, to prevent the solidification of the material 
before vaporisation, the time of materials vaporization should be equal to or 
higher than the laser speed.   
 
Figure  4.16 to Figure  4.20 show that increasing laser speed yields a considerable 
improvement in the surface roughness of the inscribed microchannels. However, 
the microchannels’ surface fabricated using the defocused laser beam technique 
can prevent a ripple-like characteristic by a partial overlapping of the laser beam 
as it traces over the substrate. 
The roughness was reduced with increased process speed. The mean roughness 
was 4.43 μm, 3.48 μm, 3.04 μm, 0.81 μm and 0.83 μm at process speeds 4.3%, 
4.4%, 4.5%, 4.6% and 4.7%, respectively. These experiments show the roughness 
was reduced until process speed reached 4.6% and increased again at 4.7%. This 
means that the laser energy at this time simultaneously matched the volume of PC 
vaporised, and after that the laser energy was insufficient, due to the speed of the 
laser pass, to melt the material. 
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Figure  4.16. Surface roughness of the microchannel fabricated with 2 mm 
defocusing at scanning speed of 4.3% 
 
 
 
 
Figure  4.17. Surface roughness of the microchannel fabricated with 2 mm 
defocusing at scanning speed of 4.4% 
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Figure  4.18. Surface roughness of the microchannel fabricated with 2 mm 
defocusing at scanning speed of 4.5% 
 
 
 
 
Figure  4.19. Surface roughness of the microchannel fabricated with 2 mm 
defocusing at scanning speed of 4.6% 
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Figure  4.20. Surface roughness of the microchannel fabricated with 2 mm 
defocusing at scanning speed of 4.7% 
 
The experiments using the defocused method show the desired channel 
characteristics can be achieved with low surface roughness. Laser ablation with F 
= 2 mm produced rectangular cross-section microchannels with size of 600 μm × 
120 μm and surface roughness of only 0.83 μm. 
 
  Surface characterisation of microchannels 4.3.2
4.3.2.1 Contact angle and wettability 
Surface properties and topography are important parameters in many applications. 
The wettability of a surface, which generally refers to 
hydrophilicity/hydrophobicity and can be defined as the ability of a liquid to 
maintain contact with the solid surface, is one of the most important factors 
affecting the biological response to an implanted material. Wettability affects 
different behaviours of biomedical materials including platelet 
adhesion/activation, protein adsorption, blood coagulation, and cell and bacterial 
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adhesion [121]. In addition, wettability impacts the heat transfer in microchannels 
[122]. The wettability of microchannels can be influenced by the chemical surface 
and/or the surface roughness. Cassie and Baxter [123] proposed that surface 
roughness always increases the CA and that wettability cannot be completed by 
liquid on a roughened surface. 
The study of wettability typically comprises the measurement of contact angles 
showing the degree of wetting at the interaction point of solid and liquid. Perfect 
wetting is at 0o, and high wettability is when the contact angle is greater than 0o 
but less than 90o. When the contact angle is between 90o and 180o, wettability is 
low, as illustrated in Figure  4.21 [124]. 
Figure  4.21. Contact angles formed by liquid drops on a solid surface [124] 
 
As a surface becomes more oxidised, or has more ionisable groups introduced to 
it, hydrogen bonding with the water becomes more facile and the droplet spreads 
along the hydrophilic surface, resulting in a lower contact angle [125]. 
Figure  4.22 shows the contact angle as a function of time on a PC surface before 
laser ablation. The contact angle was reduced from 84° to about 76° after 1 s, and 
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thereafter (over 18 s) reduced to 73°, meaning the surface of the native PC had 
high wettability.  
 
 
Figure  4.22. Water contact angle on a PC surface before ablation as a function of 
time 
 
An initial settlement of water droplets on the ablated substrates was observed with 
an evident decrease of CA with time. The results from Figure  4.22 may be due to 
water surface changes; therefore, the CA versus time on a standard (not ablated 
and not surface responsive) PC sample was monitored to quantify the contribution 
of water evaporation to the actual CA. Figure  4.23 shows the microchannel before 
and during CA measurement. 
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 Figure  4.23 Microchannels before water dropping and after water dropping. 
 
Figure  4.24 shows CA values were initially 65.9°, and after 20 s reduced to 63.8°. 
The CA was reduced from 84° in native PC to 65° after laser ablation. The 
retention of the CA at this degree was not changed for the 20 s, which emphasises 
the remaining surface by its properties of hydrophobicity. Chtaib et el. [126] 
reported that the reaction of liquids with laser ablation products at the nascent 
channel walls can result in surface chemical functionality that is significantly 
different from that in the bulk of the polymer. However, with defocusing methods, 
the surface properties of PC were only slightly affected when heated during CO2 
laser ablation. 
In conclusion, the wettability of the PC increased slightly after laser ablation. This 
means the cohesion between the fluid and material surface increased. This will 
lead to an increased reaction inside microchannels. Simultaneously, the heat 
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transfer between the PC surface and the fluid inside the microchannels will be 
increased.   
 
Figure  4.24. Water contact angle separated on the PC surface after ablation as a 
function of time 
 
4.3.2.2 AFM surface roughness measurements  
Figure  4.25 shows a 3D image of the smooth PC surface as demanded by high-
performance applications. The AFM measurements were used to confirm the 
previous Profile-metric results (Section 4.3.5.1). These measurements were used 
to characterise the surfaces of microchannels fabricated at F = 2 mm and speed of 
4.7% (Figure  4.15-e). The results were 0.91 μm with Profile-metric measurements 
and 0.74 μm when using AFM. 
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Figure  4.25. 3D AFM scan data for the microchannel fabricated at power of 2.8 W 
and a speed of 3.7% with a surface roughness of 0.735 μm 
 
4.3.2.3 Surface chemistry of microchannels 
FTIR analyses were conducted on the PC before and after ablation. The peak 
finder algorithm included in the software (OPUS) was used to guide the 
placement of the peaks in the spectra that are referred to in this section. First, the 
neat PC spectrum was taken as a control. The absorbance peaks exhibited by this 
PC are given in Figure  4.26. 
All the functional groups that make up the molecule are represented. The peaks in 
the spectrum correspond to those expected from a polymer. Figure  4.26 shows the 
structure of Bisphenol-A polycarbonate. The two methyl groups bonded to the 
carbon atom and the hydrogen atoms bonded to the carbons in the two phenol 
rings to generate the first peak in the spectrum, which appears at 2955.1 cm-1. 
Similarly, the oxygen atom double-bonded to the carbon atom resonates at about 
1728.2 cm-1, and generates the signature carbonyl peak in the spectrum. At 1424.8 
cm-1, the resonance frequency of the two phenol rings was reached. Several very 
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strong peaks appear between 1142.9 and 987.0 cm-1; these are a result of the 
different vibrational modes of the oxygen atoms bonded to carbon atom 14. The 
carbon-oxygen stretch typically appears in two or more bands in the 1300 to 1000 
cm-1 range. The last peak of interest in this spectrum appears at 831 cm-1. This 
peak is attributed to the presence of para-substituted phenol rings in the backbone 
of the PC polymer.  
 
 
Figure  4.26. Structure of Bisphenol-A Polycarbonate 
 
Figure  4.27 shows the spectra for PC before and after ablation. It can be seen that 
the spectra are virtually identical. These results suggest the functional groups of 
PC do not significantly change after laser ablation and thus PC is an appropriate 
material for application in microdevices. 
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Figure  4.27. The FTIR Spectrum of neat PC before ablation is given and the FTIR 
after ablation. The peaks corresponding to the monomeric functional groups are 
labelled 
 
  Conclusion 4.4
A microchannel was designed for PCR devices used to amplify DNA. To obtain a 
shallow rectangular cross-section with very low surface roughness through 
defocusing methods, laser parameters should be carefully controlled.  
This chapter described an investigation of a method to fabricate a high-quality 
rectangular microchannel in PC using a CO2 laser to redistribute energy intensity 
on the surface. Experiments were performed to determine the channels’ shape and 
size, and surface measurement techniques were applied to evaluate the surface 
quality for comparison with the quality resulting from conventional methods of 
microfabrication.  
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The energy was redistributed using different defocusing parameters. The laser 
parameters (mainly laser speed) were controlled precisely to achieve a high-
quality shallow rectangular shape, F = 2 mm, speed of 4.7% and power of 2.8 W, 
were found to produce a channel 600 μm in width and 120 μm in depth with 
surface roughness of 0.74 μm. This channel was very comparable in quality to the 
channels produced with injection moulding. 
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 Chapter 5. Numerical Simulation of Focusing and 
Defocusing Microfabrication Processes 
In order to understand the relationship between the operating variables and 
characteristics of a CO2 laser and the profile and quality of engraved channels, the 
laser engraving processes were simulated using an advanced computational 
method. A simple two-dimensional (2D) simulation model and a corresponding 
method were developed and used to simulate the microchannel fabrication process 
with focusing and defocusing methods, and the results were compared with the 
experimental data. The fabrication process was analysed with respect to the 
energy absorbed, temperature and material phases during fabrication and their 
response to the operational parameters. This provided a fundamental insight into 
the physical mechanisms of the ablation process, which are often difficult to 
identify by experiments alone due to short timescales and small interaction zones.  
 Physical description and modelling  5.1
Although 3D modelling can be used to describe any physical model, 2D 
modelling is more frequently used as it can give the same results (depended on the 
complexity of done process) but is less complex and time-consuming. Several 
models have been used to simulate laser fabrication processes. Kim et al. [127] 
introduced a finite element method to investigate the evaporative laser cutting 
process with a 3D steady heat transfer equation. In subsequent research, Kim et al. 
demonstrated qualitative prediction of groove depths with a 2D model [128, 129]. 
Modest [130] developed a 3D heat conduction model to predict transient 
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temperature distribution inside a solid that is irradiated by a moving laser source. 
They considered the change of a groove shape carved by material evaporation. In 
following research, Modest [131] developed another 2D stress model to predict 
thermal stresses during pulsed laser drilling of ceramics. Roy et al. [132] 
developed a 3D heat conduction model for predicting temperature distribution 
inside the solid and the groove shape formed by partial vaporisation of a semi-
infinite body by a moving laser with a Gaussian beam profile. Gross et al. [133] 
analysed the influence of exothermic reactions of the melt with the assist gas 
velocity whilst neglecting other important physical mechanisms on heat transfer in 
their 3D simulation model. Mai et al.[134] developed a finite volume method 
based numerical model to evaluate pressure distribution of the gas around a 
substrate subjected to supersonic impinging jet in laser cutting. 
A 2D material model of 1 mm × 4 mm was used in this work. The geometry 
configuration in this model was directly generated with ANSYS. The nodes, 
elements, and the geometry boundaries were defined in this stage. The second 
stage was creating the mesh. To increase the precision of the energy calculation, 
the mesh size used was 0.001 mm. The mesh consisted of a 4-node quadrilateral 
2D thermal element. The model contained 10,450 nodes and 10,000 elements. The 
laser was applied to the centre of the PC surface. The laser beam was symmetric 
so that the Gaussian distribution of heat flux was defined. The initial temperature 
was 23°C.  
Figure  5.1 shows the geometry and meshes of the 2D model.   
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Figure  5.1. The 2D dimension geometry and meshes (L= 4 mm and δ = 1 mm) 
 
Since laser-based microfabrication is a thermal process, the well-known heat 
conduction equation plays a central role in its physical modelling. The heat 
conduction equation follows from the energy balance of an appropriately selected 
volume and involves release or accumulation of heat, heat diffusion, convection at 
surface and other possible sources of heat.  
Figure  5.2 shows the process of a CO2 laser moving over the surface of the PC 
that was used for this modelling. The absorbed energy depends on the position of 
laser spot size over the materials which changed with processing time. For 
example, at t=0 the materials absorb no energy, but as the time progresses, the PC 
will absorb laser energy. The amount of energy absorbed by PC is dependent on 
the intensity of the laser beam over its surface and the affected area on material 
increases with increasing time before the centre of the laser arrives the material. 
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With the laser further moves, the intensity of the contacted section of the laser 
beam with the material reduces; the energy absorbed by the material decreases 
and finial to zero when the boundary of the laser spot moves out of the material. 
For fabrication of multi-passes, the laser will recontact with the material after a 
specified time, which is determined by the length of the microchannel and laser 
scanning speed, and the centre of the laser beam is shifted, from the position of 
the last pass, by a defined distance comparable to the experiments. To ensure the 
convergence and accuracy of the numerical solution, the time step was 1×10-3 s 
(explained in section 5.3). 
 
Figure  5.2. The process of laser penetration into PC used in this modelling 
 
In the process of laser ablation, energy of the concerned element in the model is 
lost in many ways. For example, for the molten materials, the loss includes 
conduction to the surrounding solid material, convection and radiation to the 
surrounding air,  and energy for phase change of from liquid to vapour (Figure 
5.3) [84].  
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Figure  5.3. A) Laser grooving process, and B) energy balance of finite volume of 
material 
 
 Mathematical description 5.2
The simulation of laser grooving was based on the energy equations of the heat 
transfer [135, 136] in the material, which undergoes temperature change and 
phase change under heating from the CO2 laser. The modelling of the thermal 
conduction and the phase change of the material was based on the following 
assumptions: 
1. PC is isotropic and all physical parameters are temperature-independent; 
2. The CO2 laser energy is absorbed according to the absorptivity of PC; 
3. During the laser grooving process the phase change of the material is from 
solid to liquid to vapour, and the material removal occurs in the last step. 
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 Energy conservation and boundary conditions 5.2.1
The determination of temperature and heat transfer at the surface can be described 
by differential equations using Fourier’s Law [137, 138]:  
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                   5.1    
 
 
Where k is the thermal conductivity (W/(m·K)), Q is the source energy per 
volume (W/m3) from the laser, ρ is the density (kg/m3), Cp is specific heat 
capacity (J/K), and L is the latent heat (kJ/kg) due to phase change.  
 
Boundary conditions 
The boundary conditions for the model as shown in Figure  5.1 are as follows. 
 
1- On the top surface the heat boundary condition is 
 
                               െ݇ డ்డ௬ቚ௬ୀ଴ ൌ ݄௖ሺ ௦ܶ െ ௔ܶሻ 
                    5.2 
 
Where hc is the heat transfer coefficient between a solid surface and environment. 
After a channel is formed, the heat transfer at the surface of the channel is 
controlled by equation 5.3: 
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keff is the effective thermal conductivity derived from the conduction of vapour 
and the convection due to vapour flow.  
 
2- At the bottom of the model 
 
െ݇ ߲߲ܶݕฬ௬ୀఋ
ൌ ݄௖ሺ ௦ܶ െ ௔ܶሻ                   5.4   
  
δ is the thickness of the model. 
 
3 – At both sides, x= -xL and x=xL 
 
െ݇ ߲߲ܶݔ ൌ ݄௖ሺ ௦ܶ െ ௔ܶሻ 
 5.5  
 
In equations 5.2 to 5.5, Ta is ambient temperature, hc is convective heat transfer 
coefficient, and Ts is the surface temperature of the material. 
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 Intensity and distribution of the laser energy 5.2.2
5.2.2.1 Energy distribution of laser beam 
The Gaussian beam laser moves in a positive x direction with constant speed, as 
shown in Figure 5.4. The thermal flux density is given by Equation 5.6 [139].  
Grooving in the PC occurs when the PC temperature reaches vaporisation 
temperature (Tv). The laser input energy density can be given by:  
୪ୟୱୣ୰ ൌ 
ʹ଴
Ɏ୷ଶ ቆ
െʹሺݔଶ ൅ݖଶሻ
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                  5.6 
 
 
 
 
Figure  5.4. CO2 laser movement 
 
Where: Qlaser is the laser input energy equal to the sum of the energy that conducts 
into the surface element and the energy that goes into decomposition, A is the 
absorptivity of PC, x is the distance from the beam centre in the x-direction, z is 
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the distance from the beam centre in z-direction, po is the laser power (W), and wy 
is the laser beam radius at distance y to the focal waist. 
By substituting wy with wF, Equation 5.6 becomes:  
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From Figure 5.5, Equation 5.7 can be rewritten as follows: 
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The initial condition at time t = 0 is given by 
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For Equation 5.8, the highest energy intensity is at r = 0. Therefore, the maximum 
energy absorbed, will be:  
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Where A is material absorptivity, wF is the radius of the laser beam at distance F 
from focal waist (Figure  5.5). 
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Figure  5.5. Spot size at F = 0 and F = 2 mm 
 
Radius of laser beam at F= 0 (focusing approach) 
The radius of the laser beam (w0) was calculated by using Equation 5.11 [85]. The 
parameters in this Equation are summarised in Table 5.1. 
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Spot diameter at F = 2 (defocusing approach) 
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The radius of the laser beam (wF) at any point along (F) of the laser defocusing 
can be calculated using Equation 5.12. The energy distribution at any point of the 
laser spot can be calculated using Equation 5.8. 
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                 5.12  
 
 
Figure  5.5 shows the calculated radius of the spot laser beam at F= 0 (laser 
focusing), which was 0.04 mm, whereas the radius of the laser beam spot at F = 2 
mm (laser defocusing) was 0.17 mm. Table 5.1 shows laser parameters used in 
Equations 5.12 and 5.13. 
 
 
                Table  5-1. Parameters used in equations 11 & 12 
 
5.2.2.2 Characteristics of energy distribution  
The characteristics of energy distribution are interpreted by the energy profiles at 
surface of material. .Figure  5.6 shows the intensity of the laser beam at the spot 
size of the focusing point (F = 0), which was calculated using Equation 5.8, where 
I is laser beam intensity (W/mm2), and w0 can be calculated using Equation 5.11. 
 
Wavelength λ (mm) 0.0106 
Focal length f (mm) 38.00 
High Power Density Focusing Optics (HPDFO) D (mm)  12.70 
Radius of laser beam spot w0 (mm) 0.04 
Radius of laser beam spot wF at F= 2 (mm) 0.17 
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Figure  5.6. Energy distribution on PC surface and w0=0.04 (mm) for F=0 
Figure  5.7 displays the intensity of the laser beam at the spot size of the 
defocusing point (F = 2). 
 
Figure  5.7. Energy distribution on PC surface and wF=0.17 mm for F=2  
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 Thermo physical properties of polycarbonate 5.2.3
The creation of microchannels in PC depends on temperature and time; 
temperature depends on PC’s thermal and physical properties [86]. The laser’s 
properties, PC’s physical properties and initial conditions are reported in Table 
5.2. The specific heat and the conductivity alter as the temperature changes as 
presented in Equations 5.15 and 5.16. 
 
Polycarbonate properties  
             Table  5-2. Laser and polycarbonate properties 
 
 
Absorptivity of polycarbonate 
The FTIR spectrometer was used to calculate the absorptivity of CO2 laser energy 
in PC (Figure  5.8). The wavelength of a CO2 laser is 10.6 μm. Therefore, the 
wavenumber is                                 
 
 ൌ  ͳ 
                  5.13   
 
The absorptivity, A, of PC can be calculated from Equation 5.14:   
Items Value Ref. 
Power (W) 2.8  
Speed v (m/s) 3.7×10-3  
Melting temperature (K) 493-503 Supplier 
Heat of fusion (J/g) 134.37±1.99 Supplier 
Evaporation temperature Tv (K) 700 [140] 
Evaporation heat Lν (kJ/kg) 1720±210 [140] 
Specific heat Cp (kJ/kg. K) 1.2 [140, 141] 
Conductivity (W/m. K) 0.19-0.22 [141] 
Density σ (kg/m3) 608-672 Supplier 
Emissivity ε 0.8 [142] 
Absorption spectra α (1/mm) 80-160 
100-300 
[143] 
[142, 144] 
Absorption A 0.137  
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Where β is the transmittance of PC. 
 
 
Figure  5.8. FTIR Spectrum of neat PC. CO2 laser wavenumber 943 cm-1 [145] 
 
- Specific heat  
 
The specific heat of PC, Cp, is assumed to be a linear function of temperature in 
both the solid and the melt phases [146]: 
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ܬ
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              5.15   
 
- Heat conductivity  
The conductivity, ks, of the solid PC is given by [147]: 
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              5.16 
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 Implementation of simulation  5.3
The transient heat-transfer and phase transformation greatly depends on the laser 
speed. To model transient phenomena properly, it is necessary to set the 
calculation time step, 't, at least one order of magnitude smaller than the smallest 
time constant in the system being modelled for time-dependent problems. The 
contact time of a CO2 laser on the material surface is very short, normally in the 
range of 0.3 s to 0.9 s, when the laser speed is 4% to 2% for 1 mm length. Hence, 
in simulating the heat transfer and phase transformation the time step, 't, may 
then be in the range of 0.001-0.005 s. Therefore, a time step of 0.001 s is short 
enough to simulate the heat-transfer process. 
Due to the governing equations and boundary conditions in the present models 
being different from those available in ANSYS FLUENT 15, no model was 
available for the laser energy transfer; many user-defined functions (UDFs) were 
programmed in language C++ and integrated into FLUENT using the “compiled 
UDFs” function. The compiled UDFs were compiled and grouped in a shared 
library using a “Makefile” and the shared library was linked with the internal 
programs executable at runtime. The standard FLUENT executable remained 
unchanged, but will be able to link to any number of shared libraries to form 
“effective” custom executables [148] (Figure  5.9). 
The absorption of the laser was considered in the laser absorbing PC. Heat is 
generated in PC as the laser beam is absorbed during its passes over the PC 
surface. The rate of heat generation at any point can be determined by reference to 
the spatial distribution of the power flux of the laser beam. The variation in this 
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spatial distribution is due to the changing of the local power flux on PC. 
Furthermore, due to the movement of the laser beam, the heat distribution is 
translated in the direction of the movement at scanning speed.  
The incident laser beam is assumed to be circular, with a specific diameter size for 
focusing and defocusing methods. The beam profiles were approximated by the 
intensity distribution over a circular area. The laser spot size can be calculated 
using Equation 5-14. The beam in the focusing method had a Gaussian profile, 
whereas for the defocusing method the energy of the laser spot was redistributed 
and the beam profile was non-Gaussian. The energy delivered into the materials 
can be calculated by equation 5.8.  
   Results and discussion 5.4
 
For one laser pass fabrication, the simulation starts at the beginning of the contact 
of the laser beam edge with the PC and ends after the melted PC material cools 
down to its melting point. For fabricating channels that need more than one pass, 
the time was determined based on the speed and the number of passes.   
Initial comparisons of experiment and simulation were done with a variety of laser 
passes for focusing and defocusing approaches. The fine mesh was used to 
increase the precision of the energy calculation in this model.  
The model was run with the laser focused both over and under the PC surface. 
The gathered date includes the channel profile, depth and width, and the energy 
and temperature distributions. The use of focusing and defocusing approaches 
gave rise to different intensity distributions as a function of focal position. The 
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comparisons were conducted for a wide range of laser parameters, and selected 
results are given in the following section.  
 
Figure  5.9. Solution procedure 
It was found that two of the most sensitive inputs to the model were the laser spot 
size on the surface because of the change of laser beam intensity and the 
absorptivity of the beam at the surface of the workpiece. Due to the changing of 
the laser focal position under surface, the channel profiles included Gaussian and 
other profiles is achieved. All the calculations used experimentally measured 
energy distributions. Figure 5.10 shows the energy declines with increasing time 
step number.       
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Figure  5.10. Energy decay with time 
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 Comparison with experimental data 5.4.1
5.4.1.1 Fabrication with focusing method  
I. Channel profiles  
The morphology of the actual and simulated channels is shown in Figure  5.11. 
Visual inspection suggests the actual and simulate profiles are very similar; 
however, the simulated channels have sharper edges than their experimental 
counterparts. The sharpness is reduced with reducing laser speed, as shown in 
Figure 5.11. Due to the influence of laser speed, channel depth is higher than 
channel width (as discussed in Chapter 3); with the decrease of laser speed, the 
channel’s width is increased less than channel depth, leading to a deep V-shape 
channel. The Figure also shows the melted area (green area), which is increased 
with decreased laser velocity.  
 Speed = 3.8 mm/s Speed = 3.75 mm/s Speed = 3.7 mm/s 
Exp
. 
   
Sim 
   
Figure  5.11. Experimental profiles vs. simulation profiles of channels carved by a 
focusing laser at 2.8 W 
 
II. Channel size 
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 Table 5.3 shows the differences between the numerical and experimental results. 
The size of channels was under-predicted. The difference in the channels’ depths 
ranges from 4% to 8%. The difference increases as the laser velocity reduces until 
the maximum difference occurs at a velocity of 2.9 mm/s. For channel width, the 
percentage differences ranged from 19% to 24%.  
 
Table  5-3. The differences between numerical and experimental results at power 
of 2.8 W and varying laser velocity 
Velocity 
(mm/s) 
Depth Width 
Num. (μm) Exp. (μm) Diff. (%) Num. (μm) Exp. (μm) Diff. (%) 
3.8 211 219 4 141 181 22 
3.5 219 231 6 143 181 21 
3.2 230 245 7 149 189 22 
2.9 241 260 8 161 201 24 
2.6 250 268 7 170 209 19 
 
Figure  5.12 shows the relationship of the channel width and depth to laser speed. 
The simulations produced a similar variation of the channel width with laser speed 
to the experiments until a velocity of 3.6 mm/s, at which speed the channel width 
did not increase in experiments but continued to increase in the simulation (but at 
a lower rate).  
Table  5-4 shows the differences in depth and width between numerical and 
experimental results. The difference in channel depth decreased with increasing 
power until reaching the lowest difference at power of 2.25 mm/s, and thereafter 
increased as laser power increased. The difference in channel width increased 
with increasing power because the width in the simulation became almost 
constant whereas in the experiments it increased.  
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Figure  5.12. Microchannel depth and width with varying ablation velocity and a 
power of 2.8 W 
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Table  5-4. The differences between numerical and experimental results at laser 
speed of 3.75 mm/s 
 
Power 
(W) 
Depth  Width  
Num. (μm) Exp. (μm) Diff (%) Num. (μm)  Exp. (μm) Diff (%) 
2.05 152 161 6 422 462 9 
2.15 172 180 5 424 469 10 
2.25 187 195 4 427 477 11 
2.35 187 200 6 429 484 12 
 
Figure  5.13 displays the experimental and simulated results for different laser 
powers but at a constant speed. The depth is sharply increased until power reaches 
2.25 W. The width is slightly affected by increased laser power in the simulation 
but was more affected in the experiments. 
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Figure  5.13. Microchannel depth and width with varying power at 3.7 mm/s 
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5.4.1.2 Fabrication with defocusing method 
I. Channels profiles  
Figure  5.14 shows a comparison between actual profiles and simulated profiles for 
different defocusing parameters. The boundaries of channels predicted by the 
model for the defocusing method were not as perfect as with the focusing method. 
Because multiple passes were used for defocusing, the right edges are less sharp 
than the left edges; the first pass preheats the closed solid area, the second pass 
will make a deeper groove next to the first pass, and so on. Therefore the bottom 
of the channels was not uniform.  
F = 1 mm F = 2 mm F = 3 mm 
   
   
Figure  5.14. Experiment and simulated profiles (laser power 2.8 W and speed of 
3.75 mm/s) 
 
II. Channel size 
Table  5-5 shows the numerical results under-predicted the experimental results. 
The simulated defocusing approach is produced high agreement in the width and 
less agreement in the depth, which was opposite to the results with the focusing 
approach. The difference in depth decreases as the laser velocity reduces until the 
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minimum difference is reached at a velocity of 2.9 mm/s. For channel width, the 
percentage differences were much smaller.  
Table  5-5. Differences between numerical and experimental results at power of 
2.8 W. 
Velocity 
(mm/s) 
Depth Width 
Num. (μm) Exp. (μm) Diff. (%) Num. (μm) Exp. (μm) Diff. (%) 
4.1 78 115 32 583 600 2.8 
3.8 81 115 30 585 600 2.5 
3.5 101 120 16 589 603 2.3 
3.2 121 135 11 593 605 2 
2.9 141 150 6 600 609 1.5 
2.6 161 170 6 610 615 0.8 
 
Figure  5.15 reports the depths and the widths of microchannels in experimental 
and simulation results at different laser velocities. The simulated depth decreased 
sharply for speeds from 2.6 mm/s to 3.8 mm/s, and continued decreasing but at a 
slower rate thereafter, while in the experiments, the depth decreased moderately 
until 3.6 mm/s, then levelled out until it became constant at 3.9 mm/s.  
The width of the simulated channels was close to the experimental width at the 
lowest speed of 2.6 mm/s, but they diverged with increasing laser velocity. At a 
speed of 3.9 mm/s the width became constant for the experiments, but continued 
decreasing at greater depth after this speed in the simulation.  
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Figure  5.15. Depth and width of microchannels ablated with different ablation 
rates and at engraving power of 2.8 W 
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Table  5-6 illustrates the differences between numerical and experimental results 
for microchannel depth and width with fixed speed and varying power. 
Microchannel depth difference increased from 8% at 2.05 W laser power to 15% 
at 2.25 W, then decreased again to 10% at 2.35 W.  
Table  5-6. Differences between numerical and experimental results at speed pf 3.7 
mm/s 
Power 
(watt) 
Depth Width 
Num. (μm) Exp. (μm)  Diff. (%) Num. (μm)   Exp. (μm) Diff. (%) 
2.05 203 211 8 565 578 2.2 
2.15 212 224 12 575 590 2.5 
2.25 218 233 15 585 600 2.5 
2.35 225 235 10 590 610 3.3 
 
Figure  5.16 shows depth was moderately increased with laser power in both the 
numerical simulation and experiments. The width of the channel increased with 
increasing power in experiments, but tailed off in simulations at 2.20 W.  
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Figure  5.16. Variation of microchannel depth and width with laser powers at 3.7 
mm/s 
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 Analysis of CO2 laser fabrication process 5.4.2
5.4.2.1 Energy distribution and absorption 
The energy distribution on the material depends on the capability of material 
absorptivity to the laser and to the energy intensity as well. Figure 5.17 shows the 
distribution of energy on PC for one laser pass at a speed of 4.1 mm/s and power 
of 2.8 W. The highest absorbed energy is 4.58 ×109 (W/m2) in the middle of the 
focusing laser beam found at time of 0.012 s (figure 5.17 A) and it decreases with 
distance from the centre. Due to the time increases, the located energy will be 
deeper and so the energy will be reduced. The energy is 2.10×108 and 1.2×108 
(W/mm2) when the time was 0.014 and 0.016 s (Figures 5.17 B and C). 
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Figure  5.17. Energy distribution at (A) 0.012 s, (B) 0.014 s, and (C) 0.016 s and 
channel profile (D) formed by one focusing laser pass at speed of 4.1 mm/s and 
power of 2.8 W. 
 
Figure 5.18 displays the formed channels and the energy absorption for two 
passes of a focusing laser under the same conditions as the single laser pass 
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described above. The images were taken after 0.04, 0.05, 0.06 s for A, B and C 
respectively. The green area (Figure 5.18. D) means the molten materials.  
 
 
 
Figure  5.18. Energy distribution at (A) 0.04 s, (B) 0.0.05 s, (C) 0.06 s, and 
channel profile (D) formed by two laser passes at speed of 4.1 mm/s and power of 
2.8 W 
 
5.4.2.2 Temperature distribution and melting and vaporising processes 
Figure 5.19 shows the temperature distributions for focusing method. These 
results indicate that temperature decreases very rapidly in the y-direction. At an 
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fabrication time of 0.012 s (Figure 5-19 A) the maximum temperature on the top 
surface of the workpiece is almost 742°C, which is higher than the melting point 
of PC (500°C) [140, 149], meaning some of the PC has melted. The maximum 
temperature increased and the position with maximum temperature moved down 
with the fabrication (Figure 5.19 B and C).   
In the modelling, the temperature of PC gasification was defined to be 700°C; 
above this temperature the PC should vaporise. In the focusing method, the area 
of material with a temperature of more than 700°C is small in width, as shown in 
Figure 5.19. Due to the narrow area of laser beam focusing, the microchannel 
profiles were V-shaped.  
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Figure  5.19. Temperature distribution at (A) 0.012 s, (B) 0.014 s and (C) 0.016 s 
for one focusing laser pass at speed of 4.1 mm/s and power of 2.8 W. 
 
Figure 5.20 shows the distribution of temperature at different time steps for a 
defocusing approach at t=0, 0.04, 0.05, and 0.06 s. Results show a high heating 
rate leading to melting at the surface near the centre region. The heating period is 
monitored with time to understand how the incident flux intensity produces melt 
and vaporisation regions due to excessive overheating of the target area. The 
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contour plots of the temperature with the increase in time up to 0.06 s are shown 
in this Figure. Results show continuous penetration of the thermal area and 
growth of the melt pool with increase in time.  
 
 
 
 
 
Figure  5.20. Temperature distribution at (A) 0.04 s, (B) 0.0.05 s, and (C) 0.06 s 
for laser defocusing at laser speed of 4.1 mm/s and power of 2.8 W 
 
 Conclusion  5.5
A two-dimensional model of CO2 laser engraving was developed. The process of 
producing microchannels in PC was studied computationally using ANSYS 
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Fluent R15. This model considered the energy distribution and absorptivity of the 
laser beam and the temperature-dependence of the polycarbonate properties was 
derived from the available data. The model proved capable of accurately 
simulating the impact of the laser parameters on channel profile and size. In term 
of channel profile, good agreement between experimental and modelled results 
was found for the focusing method, whereas there was some variance with the 
defocusing method. With respect to channel depth, a fairly good correlation was 
obtained between the numerical simulations and experimental data, especially 
with changing laser power, while less agreement was observed when changing 
laser velocity. The simulated and experimentally observed channel widths for the 
defocusing method agreed well, with a difference of only 0.8% at laser velocity of 
2.6 mm/s.
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 Chapter 6. Conclusions and future work 
 Conclusions 6.1
This thesis describes the development of a new method of fabricating 
microchannels using a CO2 laser; in addition, a microchannel with a highly 
desirable rectangular cross-section was successfully fabricated with this method. 
The microchannel is characterised by high heat transfer rate between the 
microchannel chip and fluid samples and high quality of microchannel surface.  
This work systematically investigated the process of CO2 laser fabrication process 
through both experimentation and computational simulation. The main points can 
be summarised as follows:     
1. A defocusing CO2 laser method was developed, which can produce 
different cross-sections such as rectangular, semicircular and U-shaped 
channels, in contrast to the focusing method, which produces only V-
shaped channels.  
2. Polycarbonate is a very suitable material for both the application and the 
CO2 laser fabrication. PC was selected in this research on microchannel 
fabrication due to its unique biocompatible and thermal properties, which 
are not found in other polymers. PC has a high glass transition temperature 
of 145°C so can be used in devices designed for PCR thermal cycling. It 
also has good dimensional stability, remaining intact at temperatures up to 
Tg. 
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3. The CO2 laser fabrication is a rapid method for the template-less formation 
of PC microfluidic devices, with fabrication taking only minutes to 
complete. This means the cost of this technique is substantially less than 
that of conventional techniques.  
4. The profiles of the microchannels, including depth, width and aspect ratio, 
depend on the laser power and engraving speeds. To fabricate channels, the 
power and speed should be firstly controlled in the depth and then the 
width. 
5. The focusing is the energy focused on the PC surface where a Gaussian-
like cross-section profile was the only shape achieved with these 
parameters. Therefore, as different cross-sections are needed for different 
applications in microfluidics, the defocusing approach becomes necessary. 
6. The defocusing approach makes the energy inside the laser spot almost 
uniform at the PC surface. Using the defocusing method under the surface 
of the PC produced much higher-quality microchannel profiles than the 
focusing approach. V-shaped, semicircular and trapezoidal shapes with low 
surface roughness were achieved using the defocusing approach. The 
defocusing parameters are responsible for redistributing the energy 
intensity inside the laser spot. After setting the appropriate defocusing 
parameters, precise control of laser parameters (mainly laser speed) was 
used to achieve high-quality specific designs. 
7.  The experiments proved the ability of the defocusing method to produce 
high-quality shallow (120 μm depth and 600 μm width) rectangular 
microchannels in PC using a CO2 laser. The optimized parameters for 
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fabricating this channel are 2 mm defocusing distance, 2.8 W power and 
4.7 % scanning speed.  
8. The characterisation of microchannel surface shows that the surface 
roughness was improved from 6.90 μm with a focusing approach to 0.74 
μm with a defocusing approach. The reduction in the CA from 84° to 65° 
meant the surface was still hydrophilic. The XPS showed the PC and its 
thermal properties were very stable. The characterisation of the PC surface 
demonstrated the CO2 laser did not affect the surface structure or change its 
chemical properties.  
9. Numerical simulation was used to analyse the dependence of the size and 
the profile of microchannels on the laser and operational parameters. It was 
found that the simulation results are in good agreement with the 
experimental results. 
10. The CO2 laser fabrication process was clarified by analysing the 
distribution of the temperature and energy in material and the time 
evolution of melting and vaporization fronts based on the simulation 
results. 
 
 Future work  6.2
To make further improvements to the CO2 laser microfabrication technique, the 
following ideas could be investigated.   
1. The work demonstrated the success of fabricating different microchannel 
profiles with high surface quality on PC. The application of the 
defocusing technique on other polymer materials such as PMMA, PDMS 
                                                                                     Chapter 6: Conclusion and Future Works 
143 
 
and PS needs to be investigated to demonstrate the flexibility of the 
method and to clarify the impact of different material properties on 
microchannel profile.  
2. The energy distribution in the laser spot has a large influence on the 
formation of channels and the quality of the channel surface. In the 
present work, the energy distribution was estimated based on theoretical 
calculation, but direct measurement of energy distribution on the surface 
would be very useful for laser fabrication. This data could be collected 
using a camera to observe the energy distribution during the process of 
fabrication.  
3. As the laser creates a cavity in the material by heating it until it reaches 
vaporisation temperature, a precise description of the conversion 
translation of energy that absorbed by materials to temperature is very 
important. This can be done by improving the current 2D model. .  
4. In numerical simulations the PC melted and then vaporised. Even This 
model taken into account all phase’s changes (solid, liquid and 
vaporisation), some disagreements was appeared. The difference can be 
avoided, in certain extent, by the use of more precise description of 
material properties.  
5. The extension of this model to three dimensions might can overcome 
those differences in the agreements between experimental and modelling.  
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Appendix A. Experimental Results  
Table A-1. The width (μm) of microchannels using focusing and defocusing 
methods 
       Speed     
 
Power 
(watts) 
1.1% 2.1% 4% 8% 12% 16% 20% 24% 28% 
F = 0          
1 594 580 466       
3 599 584 471 430      
6 606 589 476 435 415 395 374   
9 614 595 481 442 419 400 379 369 364 
12 619 602 486 446 424 406 384 374 369 
15 624 607 491 452 429 411 391 379 374 
18 631 611 496 457 435 415 396 385 380 
21 636 615 501 461 440 419 401 391 380 
24 642 619 506 466 446 426 406 391 380 
F = 1          
1 590 570 500       
3 599 578 508 457 417     
6 609 585 520 469 427 397 376 366  
9 617 596 535 484 446 416 394 383 378 
12 625 604 549 494 453 429 409 395 389 
15 631 611 565 513 470 441 421 409 402 
18 640 618 580 528 489 455 438 427 422 
21    542 497 472 456 444 439 
24    559 519 491 472 464 459 
F = 2          
1 575 564 480       
3 588 579 495 449      
6 599 590 512 469 420 388 375   
9 611 600 529 484 435 400 390 379 375 
12 619 609 544 499 448 411 400 390 385 
15 633 622 558 513 463 424 411 402 397 
18  637 571 528 477 441 428 418 413 
21    542 491 457 442 433 428 
24    559 501 477 463 452 445 
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Speed%. 
 
Power (w) 
1.1% 2.1% 4% 8% 12% 16% 20% 24% 28% 
F = 3          
1 1 545 529 445 --     
3 3 559 544 460 424 -- -- -- -- 
6 6 567 555 477 444 400 388 380 -- 
9 9 579 565 494 459 415 399 390 382 
12 12 590 574 509 474 428 412 401 394 
15 15 600 587 523 488 443 425 416 407 
18 18  602 536 503 457 440 431 422 
21 21    523 471 454 442 435 
24 24    541 491 473 460 452 
 
Table A-2. The depth (μm) of microchannels using focusing and defocusing 
methods 
Speed%. 
 
1.1% 2.1% 4% 8% 12% 16% 20% 24% 28% 
F = 0          
1 201 174 140       
3 313 283 233 98      
6 467 439 387 230 150 96 68   
9 541 518 457 301 221 169 133 99 90 
12 619 595 534 368 288 218 190 159 150 
15 689 668 591 416 337 266 231 213 201 
18   658 456 377 299 267 249 240 
21    495 410 341 301 281 272 
24    512 430 372 333 312 302 
 
 
Continues …… 
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Speed%. 
 
Power (w) 
1.1% 2.1% 4% 8% 12% 16% 20% 24% 28% 
F = 1          
1 180 140 100       
3 305 260 225 80      
6 420 390 360 212 155 95 75 46  
9 508 490 460 328 242 182 147 108 80 
12 589 565 532 430 333 253 201 156 131 
15 682 655 611 510 410 324 259 197 167 
18    600 498 395 308 247 210 
21     570 455 357 287 251 
24     638 520 402 322 285 
F = 2          
1 165 133 88       
3 291 260 184 80      
6 384 347 277 212 135 94 64   
9 477 445 374 308 222 175 138 108 77 
12 541 509 441 377 304 237 192 149 121 
15 610 578 519 451 376 300 249 190 160 
18  650 591 522 435 351 299 238 201 
21    599 503 411 348 280 239 
24     561 469 390 315 279 
F = 3          
1 161 117 80       
3 284 244 177 75      
6 379 339 268 201 130 80 51   
9 471 438 357 294 212 160 120 100 65 
12 543 508 431 366 289 221 178 147 112 
15 611 581 501 442 365 285 231 192 151 
18  641 568 510 427 345 279 230 192 
21 -- --  559 488 405 331 271 234 
24    559 501 477 463 452 445 
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Appendix B. Parameters used to calculate accurate rectangular microchannels  
                     (Chapter 4) 
 
   
 
 Speed 
(%) 
S 
(mm2) 
C 
(mm2) 
S/Ri # 
 
C/Ri # S+C 
(mm2) 
(S+C)/Ri cross-
section 
area 
(mm2) 
perimeter 4*cross-
section 
area 
(mm2) 
Dh=(4 cross-
section 
Area)/Perimeter 
(mm) 
F = 2 4.3 0.011 0.011 0.153 0.15 0.022 0.306 0.076 1.385 0.304 0.219495 
 4.4 0.014 0.006 0.195 0.08 0.02 0.278 0.067 1.338 0.268 0.200299 
 4.5 0.013 0.002 0.181 0.04 0.015 0.208 0.065 1.348 0.26 0.192878 
 4.6 0.012 0.004 0.142 0.06 0.016 0.197 0.062 1.275 0.248 0.19751 
 4.7 0.012 0.007 0.113 0.01 0.019 0.140 0.061 1.234 0.244 0.197731 
F = - 4.3 0.011 0.033 0.15 0.46 0.044 0.611111 0.091 1.381 0.364 0.263 
 4.4 0.011 0.031 0.25 0.43 0.042 0.583333 0.08 1.32 0.32 0.242424 
 4.5 0.012 0.024 0.17 0.33 0.036 0.5 0.082 1.294 0.328 0.253478 
 4.6 0.015 0.023 0.21 0.32 0.038 0.527778 0.084 1.324 0.336 0.253776 
 4.7 0.015 0.022 0.21 0.31 0.037 0.513889 0.084 1.321 0.336 0.254353 
F = 0 4.3 0.014 0.009 0.194 0.13 0.023 0.319 0.067 1.253 0.268 0.213887 
 4.4 0.015 0.022 0.208 0.29 0.037 0.514 0.078 1.277 0.312 0.244323 
 4.5 0.025 0.078 0.347 1.08 0.103 1.431 0.078 1.294 0.312 0.241113 
 4.6 0.015 0.021 0.208 0.29 0.036 0.5 0.079 1.321 0.316 0.239213 
 4.7 0.012 0.024 0.167 0.33 0.036 0.5 0.085 1.4 0.34 0.242857 
F = 1 4.3 0.011 0.033 0.153 0.46 0.044 0.611 0.091 1.381 0.364 0.263577 
 4.4 0.011 0.031 0.153 0.43 0.042 0.583 0.08 1.32 0.32 0.242424 
 4.5 0.012 0.024 0.167 0.33 0.036 0.5 0.082 1.294 0.328 0.253478 
 4.6 0.015 0.023 0.208 0.32 0.038 0.528 0.084 1.324 0.336 0.253776 
 4.7 0.015 0.022 0.208 0.31 0.037 0.514 0.084 1.321 0.336 0.254353 
F = - 4.3 0.013 0.013 0.181 0.18 0.026 0.361 0.069 1.322 0.276 0.208775 
 4.4 0.012 0.011 0.167 0.15 0.023 0.319 0.067 1.343 0.268 0.199553 
 4.5 0.014 0.001 0.194 0.01 0.015 0.208 0.062 1.29 0.248 0.192248 
 4.6 0.01 0.002 0.139 0.03 0.012 0.167 0.059 1.201 0.236 0.196503 
 4.7 0.01 0.003 0.139 0.04 0.013 0.181 0.06 1.235 0.24 0.194332 
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